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PROBLEM TO BE SOLVED: To provide a method and a 
device for time scanning using super short pwlse width laser 
generating by minimum (micron) meetianioal operation and 
provide a method for calibrating with high accuracy timing of 
the order of femtosecond. 

SOLUTION: The cavity length of one 620 of two lasers 610 
and 620 is given a swing with a piezoelement P2T. Fafary- 
Perot etalon FP produces a timing pulse tine from a single 
pulse of laser 610. A correlator 640 correlates the timing 
pulse line and the gate pulse from the laser 620 and 
produces a calibration time scale, which can be applied 
much in the field requiring a high grade high speed scanning 
and time calibration. For example, it can be applied for 
surface measurement, charge dynamics measurement of 
semiconductor, electric optical test of ullrahigh speed 
eieGtron/photoeiectric device, reflectivity measurement in 
optical time regbn, electric-pptical sampfing/oscilloscc^e, 
etc. 
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DETAILED PESORiPTION 



[Detailed Descrlptioh of the Invention] 

COQOt] 

[Field of the Invention] This invention belongs to the technical field of ultrashort pulse 
width-^oHape I^ser, and belongs to the equipmerrt; for performing the mechanicai especlaily 
minimum (namely, miomti scab) fiotiiation, and the teohnical field of an apphsaoh. This Invention 
can apply this approach also to an ordinary time scan method again also to the above-mentioned 
time scan method about the approach gf using it for the timing calibration of high degree of 
accuracy (namely, sub picosecond). Even if it divides, this invention aboiishes the need for a 
mechanical scan delay arm in the pump probe device of other formats containing a correlator, 
ranging, and three-dimensions imaging ** oontpurrihg, tomography, and an optioai time domain 
REFUREKUTOME tree (OTDR). 
[0002] 

tDesoription of the Prior Art] For the mofnent, repeatability is the range ft-om SiVIHz to iSibout 
1GHz, and the ultna high-speed laser oscillator is l^nown, if there Is capacity to generate the 
pulse width (laser) of the order of 10f8(es) (femtosecond) with the pulse energy of nano joule 
level Such a short puise is used for many application including time gating or metrology. In many 
of application of such a short light pulse, it is required for the set of a light puise to be behind to 
the set of other light pulses. In here, a time lag needs a drBmaticelly highly precise thing, for 
e;?ample, it is reqiured to be the precision lof the order of 10f8(es). The time lag of a short puise is 
application of metarology etc., and are used for biolo^'cal or medical imaging **, highrrspsed 
photodetection and the optical sami^ing, the field refiectomeiter between iight-hours, and the list, 
[ many ] The usual approach for delay of a light pulse and & span (scanning) is that only distanoe 
D moves this mirror physically with a certain mechanical means while reflecting a li^t pulse from 
a mirror. Distanoe D is defined as time delay deltaT by the product with the velocity of light of 
3.0x108 m/s in a vacuum, namely, 0-c/2xdeltaT or — D(cm) =1 SxdeltaT (ns) 
Delay of this kind is carried out to calling it *physical delay" here. 5itnilarly, a scan shall point out 
systematic fluctuation of the difference of the arrival time between two light pulses hare. For 
precise positioning of a mirror and a scan, various approaches and devices are already developed. 
For example, there is tile following. 

- Voice ooil mold device (shaker) (R.F.Fork and FABeiser, APPt Opt,l7, 3534 (197B)). 

- Rotating-mirror pair (Z.A.Yaza and lS!.M.Amer. Opt.Comm.. 36, 406 (1981)) 

~ The linear translator who has adopted tiie step motor (commercialized from many vendors) 
~ There is the following in physical delay of other types which are using the linear translator 
(DCEdelstein, R.B.Romney. and i^fi.Seheuermann, Rev.Sci, Instmm.62, 579 (1990)) good 



acjjUBtment group delay (acijustable group delay) which has adopted the galvanometer. 

- A scan galvsmameter The adopted femtosecond pulse shaper (FPS) 0 K.F.Kwong and 
D.Yankelevibh, K.C.Chu and JP.Heritsge, and A.Denes;"400~Hz mechanical scanning opticai 
delay line" Opt.Lett.l 8, (7) 558 {foHowing ) (1993) [ Kwong et] al and a brief sketch; K.C,Qhu and 
K. Liu and J.P.Heritage, A. Denes, Conference on User and Electro-Optics, OSA Tech.Digest 
Series, Vo!.8. 1 994, paper CThI23. 

- The maximum slack thing is taking a location large when delay with long ****** is required for 
much demeritB to the revolution glass block physical delay approach. For example, in crdisr to 
obtain the delay for 10ns (nanosscond), migration of a § ^et mirrcr is required. In addition, there 
are phyisioal constraint and demerit again. When long de^ay is used, miealtgnment and a focus 
blank make measurement distorted, Altbough the problem of misalignment will be mitigated if a 
cube-corner-reflector reflector is used, the problem of a focus blank is not mitigated. The effect 
of this focus blank tends to occur, when the scan amplitude is equivalent to most part of the 
confocal parameter of a light beam. The time lag for 1 0ns needs propagation fn 1 0 feet (about 3m) 
frea space. Sc. in order to suppress the efi^ct of a focus blank to the minitnum, a confqcal 
parameter (ZF?) must be 10 times, i.e., ZH =3Qm, this vaiue (10 faet) about. For this reason, the 
wavelength of ISSOnm requires a 12mm beam radius (wo). Now, in many cases, it will faeoome 
large in a rather fantastic way. 

[0003] The need for moving a mirror greatly is reduced by passing the delay line repeatsdiy 
(muiti-passing shot). (For example, according to the double passing shot of thB:deiay line, the 
travel of the mirror needed can be reduced by haif.) However, the problem of a focus blank Is not 
mitigated depending on this. By multi-passing shot, an alignment activity will become more 
complicated and the Drigtnsl problem that optical loss tncrsaees will arise. 
E0D04] However, another limit about the rate of a scan (scanning rate) and scan frequency Is 
simultaneously solvable. In order to obtain the "real-time* display of on-going measurement, in 
many cases, it is desirable to s^nd a signal on the average, while scanning quickly (above 30Hz). 
With scan frequency high in this way, a scanning zone will still be restricted, the maximum output 
of the scanning zone attained until now — Scan FPS — ihsy are lOOps(es) (picosecond) at the 
rate (rate of a scan) of 100Hz using law (Kwong et aU. a scanning zone — and — if some also 
make scan frequency increase more than by this, the oscillation of a high level rnay occur and 
actuation of laser may stop or realiang A revolving glass block prevents this oscHlating problem, 
and although it has the capacity to gather a hi^er scan speed, It cannot adjust a scanning zone 
at all. Furthermore, sinoa these (revolution glass block) bring about fluctuation of distribution of 
group velocity, they are unsuitable. £ of using it for tiie pulse of width of face of less than 1 00 
fses ] 

[000^ In additfon to physical delay, the time scan method which does not need a mechanical 
motion at all is introduced. For example, there is the following, 

- free scan laser (It Slacks) A. '—) R. 6 Apte and and D.M,Bioom, Rev-Sci, ln$trum.63, and 



3191(1992); KS.Giboney. S.TjMlen, !VIJ.W.Redwell, and and U.€.Bowers;" — Picosecond 
Nleasui^mente by free-Fiunning H&ctro-Optio SamfSJinB.'' IEEE Photon.Tech.Lett., 
pp,1353-5,Nov.1994; J.D.Kafk6 and J.W.Pi&t(&ree, and M.LWatts; "Two-color subpocosecond 
optical sampling technique." OptLett, 17. and pp.1 28 6-9, Sept15. 1992 (foj [owing }[ Kafka ] et al. 
and abbreviated name; M,H.Ober, G-Sucha, and M.E.Fermann; "Controllafaie dual-wavelength 
operation of a Femtosecond neodium fiber laser." opt.Lett.20, p.195-7, Jan.15, and 1995. 

- Tha step mirror delay line which has adopted the acoustooptics deflector (deflecting system) 
as a distributed element (R,payaket, S-Huntar, j.feFord, and S.Esener; "Programmable ulirashort 
optical pulseiilBlay using an acousto-optic deflector." Appl.Opt, 34, No.8, pp.1 44S-1 463, Mar.10, 
and 1995). 

- Torsion of RF phase between two mojde locked lasers (D.E.Spence, W.E.SJeat, J.M Evanpe, 
W.Sibbett, and and J.D.Kafl^a; "Time synchronization measurements between two 
sslF-modebcked Thsapphire lasers." OptComm., 101, pp,286-296, Aug.15, 1993). 

[0006] According to these approaches like a non-machine, rapid scanning Is especially possible, 
By such free span laser, the span (wndtb of face) covering the repetitive whole period of laser is 
obtaln<ad. Fqr example, it is the repetitive freqiiency m 1 from which the well-known free so^n 
laser system shown in drawinp^ l has the master laser 10 and the slave laser 20 with mutualSy 
different mold cavity length, and both 10 and 20 differ mutually. And nu 2 A pulse train is 
generated. The scan frequency is frequency difference delta nu=nu 1-nij2. Since it is equal, it is 
set as a desired value by adjusting thfe mold cavity length of the slave laser 20 to predetermined 
die length, Correlator (correlator) 40 generates a signal from the cross-correlation between two 
iassr. From now on, the infonnatjon about tiie timing between these two laspr will be acquired, 
and a trigger signal WjII be given to the data acquisition aiectnonb instrument 50. For axample, 
according to Ksflta ekal, it was set up so that two independent mode locking trtantum:sapphir6 
taser 10, i.e., master laser, and the slaive laser 20 (each nominal repeatability Is BOMHz) might 
have a mutually different repetitive frequency (about 80MHz). It ortenated in offset of a 
repetitive frequency and scanned tiirpugh each otiier by 100kHz offset frequency deltanu about. 
This offset frequency may be stabilized to a lojcal RF oscillator. The total scanning zone had been 
about 13ns since laser repeatability was near BOMHz. So, the time amount scan was attained, 
without completely using the delay line which moves mechanically. The calibration of timing was 
attained by the oross-porreiation of two laser beams refieeted frofn the mirror 30 into nonlinear 
brystai (for example, correlator 40). The signal acquired as a result was used -for the trigger data 
aoquisition unit 50 (for example, oecilbscope), having sent it It is reflected In anotiier mirror 60 
and the laser-beam output from laser 10 and 20 is also received by the metering device 70 which 
conducts measurement and an experiment of the request which used the laser beam. 
[0007] By the following two reasons, data acquisitron time amount is very long, and the greatest 
fault of this technique is this thing. 

1 . The fixed scanning zone ; 1iie scanning zone is being fixed to the inverse number of the 



repetitive frequency (namefy, round trjp time) of faser. 

2. — dead-time: — instead of [ of the pulse spage for 1 3ns / all ] — 1 0Ops and 1 0ps(es) — it 
tends to be alike and an interest tends to flow — it comes out. So, It is utilized for 10 
microseconds (microseGond) only 1 mere% (or 0.1%) of a certain scan time, but the 99 remaining% 
(99.9%) Is a "dead time." therefore, data acquisition time amount 1 00 times and 1 000 times — 

it is aiilse and increases, 

[0008] It Is suggested that it can avoid this seleptively if Kafka et al. has mentioned these iimits 
and the faser of higher repeatabiljly (for example, nuo =1GHi) is used. However, In order to be 
many application as which vary various soanning Tories are requinsd, it is hard to accept this 
solution. For BxampijB, pump probe misaaurement of a semi-oonduotor is often perPormed over 
various time amount range. The life of the carrier (namely, an electron and an electron hole) of a 
semi-conductor is the order for several nanoseconds, and 1 GHz laser cannot ba accepted at all. 
Also when the following pulse arrives, it is because the residual carrier by the former iaser pulse 
still exists. In order to stiH see simultaneous extremely high-speed dynamics, It is often desirable 
to zoom in a narrower time scate. So, the flexibility cf iseiection of a scanning zone demanded by 
many appliostion is missing at the free scan laser technique. The approach for obtaining a largo 
time dynamic range, wtthout extrameiy iong aoquisflJon time starting is having the flexIfaHity which 
can make timing adjustment coarsely and fine. 

{00093 Also when mode iocl^ing is being carried out passively [ also when laser is carrying out 
mode locking actively ] by related research, in order to stabilize timing betweert two mode looked 
lasers, also in the case of the combination of a passive mode looked laser and an active mode 
locked laser, some kinds of approaches have been used. The approach used for synchronization 
is roughly divided and is dividad Into two types of (1) passivity optical means and (2) eleotronio 
stabilization, Tlie highest synchronous precision With the passive optical means in which two 
laser is made to interl^re through the optical effectivenfias It is attained (). [ J,M.Evena, 
D.E.Sp6nce, D.Bums, ] [ and W.Sibbetr''Pua1-wavelength selfmode-locked Ti;sapphireiasers.'' 1 
GptLett, 13, and pp.1 074-7, Jul.l, 1993; M.R.X.de Barros and P.C.Becker; "Two-color 
synchronously mode-locked femtosecond Ti;sapphire laser." Opt.Lett., 18, and pp.631-3, Apr.15, 
1993; D.R.Dykaar and S,B,Darak"Stick|y pulses:two-color cross-mode-iockedfemtosecond 
operation of aeingie rusapphire laser." OptLett and 18, pp.634-7, Apr,15, 1993 (following Oykaar 
et al. and abbreviated name); Z.Zhang and T.Yagi and "Dual-wavelength synchronous operation 
of a mpde-looked TIaapphirs laser based onself-spectrum splitting," OptLett., IS, pp.21 26-8, 
Dep,15, 1993. Such optical effiactivensss (for example, nnutual phase modulation sto.) generates 
the firm mode locking between two laser which synchronizes below with 1 pulse width (less than 
100 femtoseconds). The time lag between laser of wfiat brings alsout synchronization with these 
most exact is being fixed fitmiy. Therefore, in order to scan the time lag between these, the usual 
physical scan delay approach must be used. 

[0010] According to the electronic stabilization which used simple RF phase detection, when 



atijusting a relative time lag, flexibility is acquired most:, but at present, these systems cannot 
maintain accuracy of timing better than 2 - 3 pieoseoond, it is sufficient, and such a system is 
marl<etacl In order [ wNch is made to stalrflize Ti:sapphire laser or takes tlie synclironization of 
two mode lodging Tlisappfsire laser according to external reference freqency ] to carry put 
(Spectra-Pfiysics Lol^-to-Olock/TM system). If a pulse optical phase-locked loop (POPLU is 
used, sTtabiiixation better than 1 00 femtoseconds will be attained. This is the hybrid optical 
electronic approach and is indicated )jy reference i$.P,Dijaill, J.S.Smith, and A.Dienes, "Timing 
synchronization of a pasiyely roodeHocked dye laser using a pulsed optical phase locked loop" 
Appl.Phisics.Lett., 5S, pp.41 8-420, fodowins Pijaiti at al,, and abbreviated name), such as 

DlJARl By this reference, an electronic stabilization circuit brings about the timing error signal 
from an optica! synchronous detector, yowevar, this approach has covered the synchronization 
(look) of the same timing adjustment as the passive opticai approach. AcOustment of timing is 
possible at under one pulse width. So, probably, it is necessary in one laser beam to face using 
the POPLL method and deflect relative pulse timing as more greatly [ than one pujse width ] as 
possible to insert the physioal delay line of a certain kind. 

[001 1] If the timing jitter of a laser proper is reduced, the engine performanqe of the timing 
stabiliiEatlon by the RF method will be able to be raised. By putting two laser on the same possible 
environmental condition, a certain amount of reduction of the laser jitter of a proper is possible. 
Sticky pulsed laser is Dykaar etal. Although indicated, in order to cairy out the pumpirig of the 
two fields divided spatially [ Ti:sapphira laser crystal ], the laser beam divided spatially is adopted. 
It is indispensable to this that two laser currently divided is sharing most elements in the same 
pump LD. a laser crystal, the space of air, and other mold cavities except for a n end mirror. If it 
does in this way, since two laaor experiences the samip te^npenature fluotuation, the nojse of 
pump LD, and turbulence, the difference in the jitter of repeatability will be controlled by 
minimum. If it carries out like this, even if the optical interferenpe between two laser is weak., two 
or more pulses can be synchronized togetiier (iock). The general principle of "environmental 
coupling" is applicable also to the laser of other formats containing a mode looking fiber laser. 
However, Dykaar et al. The object is locking two laser together and it should be cautious of it not 
being desirable in the place made into the object of this invention. It is because this time lag 
cannot be scanned. That is, it is because the timing pulse from two laser of the above-mentioned 
sticky pulsed laser by which coupling was carried out is not locked together through optical 
coupling and cannot be controlled Independentiy. 
1*0012] ■ 

tProblem(s) to be Solved by the Invention] One object of this invention is the pulse iteration 
period TR like for example, "master" laser and "slave" laser, without needing a mechanical big 
motion of an optical eiement. It is offering the approach and equipment for scanning quickly the 
time lag between two mode locked lasers which enable actuation at the siibinterval chosen at 
any cost continuousiy (scan). This is attained by atgusting the mold cavity length of one laser (for 



example, slave laser) proper per micron, while using the electronie feedback cirGuft whioh acts as 
th» rnqnitor of the average timing (phase) between two laser continuously. In addilaon, it is 
desirable to convert RF stabilization of two laser (modification) so that the duty factor (duty 
cycle) of data aoquisition may be improved greatly, some subintervajs of a repetitive period may 
be covered and a relative time lag may be scanned unlike the free scanning method. 
[0013] Another object of this invention is reducing the timing jitter produced by fluctuation of 
environmental condttions, such as ttirbulenpe of an ospillataon or air, and a temperatyre ohange, 
to the minimum. Eniabliag it to eqntrol two laser independentiy, this uses the rarrie element within 
the «ame oontainer, arsd it ts attained by constituting both laser bo that a pumping may be canried 
out by the same pump LD. In the case of a fiber iaeer, this is especially attained by twisting two 
fibers around the same shaft (spool) together. 

[0014] Further, another object is offering the approach of this invention which proofreads a 
scan-^ime scale with the precision of a sub picosecontl, as used for association of the 
above-mentioned scan method and the above-mentioned scan matiiod. For example, this 
invention can be used in order to take the oross-oorrelation ovk- the pulse sequence obtained by 
the pa«$ag9 pwlse from anoiher laser (for example, slave laser) through the series of the optical 
element which carries out partial refleotlpn gf the pulse from one laser (for example, master 
laser) (a etc SUKOR! rate is carried out). 
[0015] 

[The gestalt and example] of implementation of invention The example of this invention is 
described more by the detail below with reference to two or more jdrawngs. and the same sigJi as 
a description is given to these drawings, 

[Principle of high speed scan] this mvantion consists of two laser, the master laser 1 10 which has 
the almost same repeatability like iree scan laser system es shown in drawing 2 (a), and the slave 
laser 1 20, However, unlike tree scan laser system, the pulse output from the master laser 1 1 0 
ind the slave laser 120 oen be thoroughly scanned no longer through each other. Rather, the 
master laser 110 with wavelength lambda 1 is the fixed repeatability nu 1 . What it is held or a drift 
is spontaneously carried out for is the repetitive frequency nu 2 of the slave laser 1 20, while 
being admitted. Near the repeatability of tiie master laser 1 10 is disturbed (dither). The 
oscillation of this repeatability Is attained by <jhanging the mold cavity length (L2) of the sieve 
laser 120 for example, In the "high" cycle of the range firom 30Hz to TkHz. On the other hand, the 
"average" repeHtability is followed fhru/or oontroiled aoocn^ing to the repeatability of the 
master laser 1 10 with the stabHizer unit 130 Including the "low'speed" phaseHocked loop (PLL) 
circuit of the bandwidth of under scan frequency. The average time lag between the master laser 
110 and the slave laser 120 is uniforraiy held with the stabilizer unit 1 30 which controls the mold 
cavity length of the slave laser 120, On the other hand, in order to scan the momentary delay 
between two laser, the high-speed oscillation signal output from a signal generator 140 is added 
with total vessel (sigma) with the oontrol voltage output from the stabilizer unit 1 30, Flattery and 



an oscillation of a repetitive frequency can realize the end mirror of the slave Jaser 120 ftjr the 
indispensable voltage signal from anchoring and the signalling frequency generator 140 by 
impressing (to PZT) to a piezo-electric element (PZT) 121. The bandwidth of a PLL olrquit needs 
tp be under an psoiilation frequency, otherwise tends to follow ihe master (frequency of slave 
laser 1 20) laser 110, and will block the scan of mold cavity length. 

[00161 Drawing 2 (b) shows another example, in this example, the master laser 1 10 has also 
equipped PZTiH and Jjoth the laser 110,120 pf l?oW) has the end mirror controlled by 
PZtl 1 1,121, respeotively. In this case, th6 jnaster laser 110 is disturbed to scan frequenoy* and 
the slave la&er 120 follows "average" repeatability of tiie master laser 1 10 itruck). The mold 
cavity length of the master laser 110 is quickly disturbed by the signal generator 140. and the 
ballast-choke unit 130 Is Insisting upon the slave laser 120 to the desired average time !ag. 
[0017] Although repeated, in order that a PLL circuit may not interfere with a timing scan, it is 
required ibr the oscillation frequenpy tp have axoeeded tiie bandwidth of a PLL circuit. As en 
example explaining hpw the scan of moid cavity length acts, it is scan frequency f$ to PZT pf the 
slave laser 120, A square wave \$ impressed. Then, the mismatch of mold eavrty length is quickly 
phanged with the function of tJie sevflral 1 following time sraount. 
[0018] 

^Equation 1] deltaUt) FdeltaLO and Sq (fSt) 

Here, it is deltaLO. It is the amplitude pf the movement magnitude of a square wave, and Sq (x) is 
a square wave function. Thereby, the linearity soan delay of positive/negative arises for every 
one half of a scan cycle (chopping sea). When stable, the mismatch of 1*»e fixed moid cavity 
length of only deitaL produces the following offset frequency of seyeral 2. 
[0019] 

[Equaiaon 2] deltanu=-cdeHat/(2U) — or since it rewrites and mold cavity length is disturbsd in 
a frequency high enough in delta nu/nu s-deltaUU however a Uf^ speed scan, e pulse (both 
laser) cannot pass mutually. That is, scan frequency and tiie amplitude fuifiil the several 3 
following conditions. 
[0020] 

[Equation 3] fS »deltanu or-^ » In ttiis base, probably, odeltaL / (2L2) time lag Td (t) which 
carries out time variation is proportional to the time quadrature of the mismatch of mold oevity 
length, as shown in the fallowing several 4. 
[0021] 
[Equation 4] 

Z t 

■ 2 t 
T,Ct)=» — S A LCf )df 
L 0 



t0022] Here, c is the ve!ocfty of li^ in a vacuum, and an integral psriod is in tlie order of a scan 
cycle. Drawing 3 (a) shows ttie example of reetangufar wave modulation, and tlie IkHz square 
wave Is impressed to one PZT among two laser In this drawing. Drawing 3 (a) Tlie wave sliown in 
~ (c) is mismatch delta[ of the mold cavity length depending on time amount ] L (t). And 
momentary time lag TD Ct) produced as the result is shown as a functjon of the time amount at 
the time pf PZTflf the slave laser 120 being iiripressed by various kinds of ospiltation wavee. 
Momentary repea^ility nu 2 nu 1 1t is shaken and tha relative time lag Is scanning the 
circumference forward and backward to linearity about time amount. A sum tote! scanning zone 
is the basic repeatability nu 1. Or seen irequenoy fs !t depende and the scan a'mplltude fQjlpw& 
the following several 5. 
[0023] 

[Equation S] Tmax-(deltaL/2L) - (1/fs) 

Or It expressBB on an offset frequency end is Tmfix^deltanu/2nu) - 

The rate of e scan is given by the following several 6 in the unit of (a ms/ms), 

[0024] 

[Equation 6] It is 9 unit convenient to use at Rscan=2 deltaLnu/c, Rsqan-delta L/L, or a 
laboratory, end is Reoan-109. rieJtaU/L (ps/ma) 

A "sampling grid" is given from the time pulse progress to per several 7 follpwing round bip. 
[0025] 

[Equation 7] As the grand total of the spatial pulse advance per second, a deJtatg !=2dBH:eL/c 
scan speed parameter can be defined, as shown in the following several 8, 



CEqual3on 8] Notice the rate of a nuscarF(ZdeltaL (t))/TR -(deltsL (t))/L,-o eeen, e sampling grid, 
and the^ concept of a scan speed about the ability to apply also to free scan (free scan) laser. If 
en exampie ie given, nu1 =100iVlHz will be obtained for nominal mold cavity length by the 1.5m 
laser couple. If the deltaL^ISmicrometer scan amplitude is assumed, offset deltanw"tkHz 
frequenoy and Rscan=104 ps/ms and deltatg^lOOfs are obtained as a result. If mold cavity lengtii 
is not disturbed, full pulse weils-'off will happen in 1 ms. "nierefore, if the scan amplitude of 1 5 
mtoromisters is used, in order to prevent total waik-ofF, fs >1kHz eoan fi^qyenoy is required. 
[(H)27] Some possible ecarmtng zones, the rate of a scan, and the sampling grid interval as a 
function of various scan speed parameters are indicated ebout the mode jooked laser which has 
1*ig repeatebility nu of 10MHz, lOOMHz, end IGHz in tables I'^S. A table 3 cannot show that total 
walk-ofF has arisen in mostpraotical scan conditions about 1GHz laser, and, so, a time lag cannot 
exceed 1 nanosecond. Therefore, by less than 1GHz laser, the oscillation approach of this 
invention has desirabie repeatability as the free scan laser approach, 
[0028] 
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[0031] Notes; * in a table 3 shows total walk-ofF (it is 1 nanosecond at the maximum). 
Th9 square wave of a symmetry form does not necessarily call it the only desirable approach, !n 
addition to reotafigular wave modulation, drawing 3 (b) and drawing 3 (c) show the two another 
oscillation approaclies (sohemB). In order to obtain the scan of an one way, as shown in drawii^g 
3 (fa), 9 square wave (unsymmetrical sqyar© ways) oan also be used. If it oarriee put like this, the 
unneosssary dead time of iiie scan to baok will be able to be reduced. Although the indirectional 
scan is used with eommerclai Fabry-Perpt InterfBromBter. it is perlbrming by the chopping sea 
rather rather than it Is based on the square wave shown in drawing 3 (b) (indirectional scan). 
[0032] Sudden change of t*ie electrical potential drfFerence in the first transition and the ■trailing 
edge of a square wave and a square wave may start the relief of a mechanical shock and PZT, 
and makes the linearity time scale of a scan different so distorted, A certain type (for exampie. 
smoothing of transition) of signal conditions which reduce these effeote is desirable. Or as shown 
in draiwing 3 (d), a sinusoidal voltage may be impreased to PZT. The advantage of e sinusoidal 
scan is that the shook which happens in relation to the sharp etectHaal-pptential-difFerenoe 
transition in a square wave or a square wavSi and a relief are avoidable. iWoreover, distortion of 
the titrong by P:U_ whiph is going i» react to iJie mismatch of mold opvity length by which 
induction was carried out is also avoidable. That is, even if this stabilizer carries out a certain 
reaction to scan-time delay for a simple analog stabilization circuit, sinusoidal driver voltage will 
bring about a sine wave-scan characteristic, By these reasons, a sinusoidal scan is the simplest 
operationally. However, in a sinusoidal scan, the advantage v\Hiich the square wave which 
produces the scan of an one way as shown in drawing 3 (fa) has is not acquired. So, according to 



the degree asked for simplicity, it becomes desirable to drive PZT by sinusqidsl soaa 
[0033] The Boan speed parameter in a table 1-3 i« obtained bae^id on the reptangular wave 
modulation of the symmetry fbrm of PZX In a sinusoidal ecan, a scanriin? zona and tha rate of a 
scan will be chah^ng a IfttJe, Although the delay depending on time amount is still searched for by 
the above*-mentionBd several 4, the modulation of mold cavity length is given by the following 
several 9, 
[0034] 

Equation 9] deltaL (t) = deltaUO. cos (2pifst) 

The delay in that ease la given fay the foNowing several ID. 

[0035] 

[Equation 10] 

TD Ct) = (delta LO/L) -(1/2pifs)~ sin (2pifst) 

A sinusoidal scan (property) can be found as mentioned above. However, a time lag becomes 90 
degrees to the location of PZT, In this case, notice a scan characteristic about not linearity but a 
certain Hnd of soala amending, 

[0036] Allhough tiie laser ecan technique indicated here is proved using tJje mode locking liber 
laser of a couple, this techhique is not limited to tiie two above^menttoned examples, and can be 
applied to many Hypes of the mode locked laser which contains a solid state, diode laser, and die 
laser rather. 

The deslraWe example of this invention which has adopted two fiber lasers 210, i.e., master laser, 
and the slave laser 220 as [scan fiber lasar system] drawing 4 is shown. 
[0037!] Both the laser 210,220 is the same laser diode W. The pumping is eairied out by 205 and 
the power of this laser diode is divided by the spltStar SP1-. 206 to two laser Tha master laser 210 
is the Faraday rotator (polari6oope)min*or FRM. Termination is 1t»rmad of 215, On the other hand, 
the slave teser 220 is optical assembly PZT~FRM. Temrdnation is formed of 225. This is FRM. 
Although it is almost the same as 215, it differs in i^jert the mirror la attached on PZT, Two fibar 
lasers 210,220 are using the same mode looking optical system (namely, a wavelength plate 
lambda / 4, iambda/2, Faraday rotator FR, and polarization beam splitter PBS) as the component. 
Laser mode (ocking is put Into operation with the saturation absorber SA. idie output pulse from 
the low noise output port of both the laser 210,220 — respectively — photodiode P0~1 and 
PD-2 — therefore, it is detected Both photodiodes are used with the actuation stabilizer 130. 
C0036] Both the fiber lasers 21 0,220 have nuO =4.629MHz: nominal repeatability. These are 
mdlcated by reference {M,E.Ferman, L.M.Yang, M.L.Stock, and M.J.AndrQico, and "Enviromentalfy 
stable Kerr-type mode-looked erbium fiber lazer producing 380-fs pulses." Opt.Lett„ 10, pp.43-5, 
Jan.19S4), such as a fur man. By tiiis reference, nonlinear polarization EVORUSHON (NPE) is 
used as a mode locking device. Both the laser 210,220 has the same component except for the 
Faraday rotator mirror. That is, the master laser 21 0 is the Faraday rotator mirror FRM of a single 
package. Termination is formed by 21 5. On the other hand, the slave laser 220 is assembly 



P2T-FRM whose rrarror is the separated component which is attached on PZT altiiough It is the 
BSfne as tiiat of FRM. Terminatipn is formed of 22S, The tot^il diisplacament stroke of PZT 
ourrently used here is 40 miorons. Coupling of both the laser 210.220 is oarried out i^iermally and 
dynamically by being twisted around the same fiber spool 280 together (maintained at status 
idem). Moreover and both the laser 210,220 are the same pump LD diode LD. Since the pumping 
is carried out by 205, the pump noise in two laser correlates. The relative timing between both 
the laser 210,220 is set up and stabilized with the stabilizer 130 including a PLL circuit. If a 
stabilizer T30 works once and botli the laser 210,220 is set as proper delay, m oscillation signal 
Will be Impressed to PZT of th0 slave laser 220 so that it may bs made to scan. An OBciliation 
signal is impressed fay th^ signal generator 1 35, and in order to generate ijie signal Ibr driving 
PZT, it is added to a stabilization signaLoutput -from a stabilizer 130. Or as the OLitput of a 
stabilizer 130 includes both the stabilization signal and the oscillation signal, an oscillation signal 
may be generated from a stabilizer 130. Any laser 210,220 has two output ports relevant to the 
ppiariscope in a mold cavity, respectively, These two output ports are illustrated as two outputs 
jof each PBS in drawing 4 . These two laser outputs have a noise property which is extremely 
different mutyally. That Is, one side has <3 noise a littie and another side does not almost have a 
tioise. This is because of tiiat of the optical mar^nal efFBctiveness that happening to this kind of 
laser is known (it originates In NPE). ft is detected by photbdlode PD-1 which generates the Input 
to a stabilization circutt 1 30, and PD-2, and ** is this quiet output beam. Using an output beam 
quiet as an input to a stabilization ctrouit 130 helps to control a timing jitter to the minimum. 
[0039] A sinusoidal time amount scan is attained by the inverter which used this twin fiber laser 
system. Drawing 5 shows the twocycle of the cross'-correlation scan between two fiber lasers 
210,220 shown in drawing 4 (cross cofrektion scan). This cross-correlation scan is data 
ooileoted by single-engined data acquisition without equalization. Drawing 5 shows in wiore detail 
the cross-correiation signal between two fflber lasers 210,220 which you are made to scan by the 
oscrflation approach of this invention in the scan frequency of 106Hz, and scanning 2one 200 
piposecond. Here, drawing 5 is illustrating the scan for a twocycle fully, and shows the advance 
scan (FOWODOSUKYAN) and the retreat scan (back ward scan), it combines and the sinusoidal 
voltage currently impressed to the PZT controHer and the trigger output of the signal generator 
135 which has appeared as a square wave are illustrated^ The plot of drawing 5 is obtained In the 
pulse from two laser 210,220 through the deformation synchronous detector which used the sum 
total frequency-mixing (sum Iree KENSHI mixing) within nonlinear crystal, i.e., a beta barium 
borate (BBO) crystal, 

ti0040] Mechanical delay (delay, delay) of a scan is used in one branch (one arm) of weil-known 
correlator (cprrelator). However, mechanical delay is not used in the correlator of this invention. 
All scans are performed by the above-mentioned laser shaking method. {Moreover, the sinusoidal 
voltage currently impressed to the PZT oontroHer and the trigger output from a signal generator 
135 are illustrated fay drawing 5 . The migration edge of PZT marked on the graph should care 



Hbout that the phase has separatBd only 90 degrees from ttie impressed sine wave to be able to 
expect frpm several 9 and several 10, Scannifig zones are about 200 picoseconds in the scan 
fraquaney of 100Hz. This is equivalent to the 3cm physical delay with the repeatability of 100Hz, 
However, in this twin laser system, the same scanning 2,one as this is attained by moving only 2-3 
mere micron of PZTCs) of the slave laser 220. 

[0D4J ] This cross-correlation method was used in order to measure the timing jitter between two 
laser 210,220. The calibration of timing Is performed by ****(ing) a glass etalon with a thickness 
of 2rmn ¥*iGh makes the pulse train from which only 20 picoseconds were separated to one 
branch of correlator These pulse trains are on the scan in drawing 5 , and can be checked by 
looking clearly. The time scale which extended the same scan is lliustrating drawing 8 , 'Oie 
diipFicate of two pulses (one laser has ajsatelllte pulse) which were generated by ****(ing) a Zmm 
^ass etalon to one branch of correlator from this drawing and which are vacating spacing for 
near very much, and the pulse of this couple can be grasped. Only 20 picoseconds to which the 
pulse of this couple supports the optical thickness of an etalon are separated from the main 
iCMaine} pulso pair (just). Here, puise width is in the order of 1 piooseoond. and only 2-3 
picosecond separates from the Maine pulse, and the satellite puise exists. ITierefore, the RMS 
timing jitter was measured with the deltaTj =6 picosecond with the deflection of the timing by the 
situation to i"f=2G picosecond. The data of a timing jitter are shown in drawing 7 , and eaoh datia 
point expresses the relative time lag during the scan of each laser 210,220 with a rate [ of a 
scan ] of 106Hz in this drawing. This measured jitter has illustrated how the Inforinatioh on timing 
is acquired by the precision in spite of the Jitter of only this while having illustrated the limitation 
of the precision of the electronic PLL circuit of a ballad choke 1 30. If a scan is performed quickly 
enou#i,'the relative timingjitter witiiin a scan time can be made very sfnaK. And if a stable timing 
pulse train is acquired by letting a laser pulse pass to an etalon, for example, even the jitter 
between scan times can be known to accuracy. Thus, though the jitter of several pico second is 
in laser, a scan characteristic becomes clear in the precision of a sub picosecond, 
[0042] The use of two or more laser packed together (KO packaging) is serious. In the dual laser 
system which is not nice, it is independently pumped up on the pedestal (breadboard) from which 
the laser of the same couple differs, and tiie pimping was carried out by different laser just 
because it was asseinbied by this invention person before. Even if it used a ballast choke, before 
the mismatch of mold cavity length exceeded 40 microns of tfie successive range of PZT. it was 
about only 30 minutes that the slave laser was following in footsteps of master laser, At this (a 
mismatch exceeds 40 microns) event, imitation (tracking) became Impossible, So, even If it is 
under a normal room temperature, the drift pf the mismatch of the mold cavity length between 
the couples of 5MHz laser has exceeded easily 40 Miquelon which Is the movable range of a ^at 
portion of PZT. 

[0043] Symmetncaliy, since this can follow indefinitely the system packed together [ this 
invention ], it shows that the mismatch of mold cavity length has stopped splendidly in the 



4D-'micron limit by PZT under a normal indoor condrtlon. According to measurement of the 
absolute value of a frequency drfft, and measurement of a relative value, about [ of the absolute 
drift of one taser ] 1 /7 understands tiiat the relative frequency drift between two laser 21 0^20 Is 

smaiL A relative drift is on a fabrication and can improve still smaller by making two laser very 
identically. This can be attained by being because the termination of both the laser 210,220 being 
formed with the game PZT-FRM assembly, or forming the termination of both the laser 210,220 
with the same FRM pacloge. and changing the mold cavity length of the slave laser 220 by tile 
fiber stretcher. 

[0044] In onJer to rftdiice further both a relative liming drift and an absolute tliriing drift, it U good 
to muffle the fiber spool 28D and other components, and to constitute two laser in tine same 
container. If it carries out like this, ch wiil be muffled and temperature will also be controlled. The 
relative timing jitter reached even boundary wavelength the place got blocked using all the 
above-mentioned all directions methods (HAHaus and A.Mecozzi and "Noise of 
modeHockedlasers" IEEE J.Quantum Electron., QE-29, pp,983-996, and March 0993), By 
operatirig a mode locked laser near ■Oie wavelength of distributed zero, a jitter is reduced further 
and it will daai in it, since the timing Jftter by boundary wavelength inoreaaes with buildup of 
diatribution CDISUPASHON). 

[0045] By disturijing tha end mirror of a mode locked ieser, induction of the fluctuation of the 
amplitude in span fi-equenoy is carried out because of the misalignment of a" mirror, and a focus 
blank. An operation of misalignment is minimized by using the triparttts mirror scan PZT so that 
aicgnment may be maintained, althougii it can do y^^lth a commercial Fabry-Perot interferorneter 
by making a focus connect to a PZT mirror a^in so that the sensibility of an include angle may 
be reduced. The efFectof a focus blank may be generated when ao small that tiia soan amplitude 
is permissible to the oonfioeal parameter of the beam usaiees incidence (beam way strilie 
incident) of a PZT mirror. In a fiber laser, tJiis focus blank causes fluctuation of power for 
reduction of the interference effectiveness (ooupling EFISHI en C) of the beam which returns in 
a fiber a lifting and shortly. So, the depth of focus of a PZT mirror being shaliow (tightness 
focusing) is are not desirable. The effect of this focus blank can be reduced by wise selection of 
the colllmatlon (collimation) of a beam. For example, If PZT with a 40-micron scanning zone is 
used, a confoca! parameter will be required for at least 2-3mm, Then, ZR It is quite small that the 
amount of 2 (deltaiyZR) is 10-4 about noting that it is the confoca! parameter of the beam way 
strike in a PZT minror. If this amount is small, the amplitude modulalaon of iasar is small in 
connaction with this. 

[tH)46] Even if it even if brings some fluctuation to the amplitude which the slight misslignmenl of 
a mirror is scanning, the waveguide property (guy DINGU property) of a fiber, therefore stability 
of beam directivity (pointing) are not ******(ed) ratiier. However, if there is no line crack of 
measurement so that generating of the deflection of an output beam may be prevented when a 
solid-state mode looked laser is used, the deflection of some oul3)ut beams may arise. 



[0047] As the strange gastalt's laser system, the terminatipn of both laser may be fomnsd by ihm 
same FRM, and mold cavity length is aijjusted by the PZT fiber stretcher. Such a piezo 
ceramio-tobe aotuator (PIT 40x18x1) Is manufactyred by piezo mechanic inoorporated coitipsny 
in Germany. 

[0048] Even if the [timing calibration] PLL circuit stabilizer 130 is stabilizing tiis average of a 
relative tima lag, this iocation is the timing signal which only several pico second may be changed 
and so has the precision of a request of about 1 00 femtoseconds, and requires that it shcyld be 
compensated that the trigger of the data acqwisition unit 50 is carried out proper. Such a signal is 
acquired from the mutuaHintervention machine which has adopted nonJinear optics mixing within 
nonlinear crystal like BBO. Such a thing is perfbrmed in the above-mentioned example, and is 
performed by the man of others like Kate et at. Also when usiftg « mirror shaker for scan-time 
delay, the indispensable thing is shown also in order for this Wnd of triggermg to acquire high 
degree of accuracy in wsight^and-measyres measurement 

[0049] However, even if this is a requirement, it is not sufficient condition. According to 
measurement of a jitter, it is clear it not only to generate fluctuation of timing between scans, but 
to have produced it between single scan$. That is, the rate Bsdsn of a scan not cnty changes 
between sc»ns, but ft changes even the inside of a scan cycle. So, it is indispensable "befbre" 
That actuation of a scan takes place rather than signal averaging. Therefore, ft is required for 
there to be two timing pulses "at least" for every scan from correlator. One side is for triggering 
among these two timing pulses, and another side is for time scale information, performing this 
a puise train with uniform (setting to both the amplitude and time amount) this invention — 
un--- 1 ~ it can be satisfied also with a pulse train [ like ] of a scan interval. If it does in this way, 
and timing information can be acqiitred at the scan interval In eacJi of each scan cycle, 
[0050] In the calibration of [generating of timing scale] time scale, an important key point Is 
choosing optical means, as It Is used for generating timing Information. In a desirabia example, as 
shown in drawirtg 8 (a) - (b), a pulse train 1s gfenerable by reflecting a single pulse from the 
exquisite (FINESSE) Fabry-Perot (FP) etaion highly so that the train of many pulses may be 
generated uniformly in time. It is because this FP etaion is used as "being a plate grumblingiy" 
and internal reflection of tiie pulse le repeatedly carried out within FP etaion (namely, etaion 
exquisite to altitude) in it. The resonance characteristic is used rather here and permeability is 
low rather. 

[0051] The pemneability is T= 0;0C04 supposing it adopts FP etaion of Rs 98% of reflection factor 
which consists pf two mirrors as an example. From now on, this example is explstned. As sihown in 
drawing S (a), the transmitted pulse trains are a series of pulses separated by the pass time of FP 
etaion, became weaker according to tiie attenuation factor depending on a mirror loss and 
misalignment, and have started. That is, the transmitted pulse train is T2 considering T as 
permeability on the front face of an etaion. It decreases according to a factor. Although pulse 
amplitude becomes weaker slowly for every round trip, there is uniformity in the transmitted 



pulse train to some extent The 1 st pulse (and max) in a pulse train has become weBker Irt 1/2500 
compared witib the pulse which oarrias out inoidenca to FP etalon, 

[0052] Drawing 9 and dr^win^ 10 show s5gn$ that *b pulse traiti transmitted throu^ fP staJon 
wht^e spacing of a mirror a surfece reflection -factor is R= 9894, and is about 1 mm, and which has 
an air gap aotuaily declines slowly. Drawing 10 shows the plot of a single retreat scan (back ward 
scan) and the point corresponding to the termination of a scan which have 17 pulses on the 
extended tifne-axis. These data is obtained by ****(ing) FP etalon to one branch of the usual 
scan cotrslator which has only adopted the RITOHO reflector attached on the voice coiJ 
(loudspeafear). Since the dnusoldal voHaga was impresBed to the loudspeaher, some time lags are 
scanned by the sine wave-method. With time spacing between pulsea, as ehbwn in drawing 11 (a), 
the scan characteristip of a shaker mhror is obtained. The total scanning zone (total scan range) 
is computed according to the following sBveral 1 1 from these da'Ui. 
[0053] 

[Equation 11] Tmax - -<17 pulses) x (6.7 picoseconds / pulse) 

As the data shown in drawing 1 1 (a) was expected, the scan charaoteristic shows that it is not 
linearity to aecuracy. In order to show the deflection from linearity; frtting of this <feita was carried 
out in a strsi^t line, and this data was subtracted fiiofn this best fit (straight line). As shown in 
drawing 1 1 (b), a time amount scan charactensUc has tiia deflaetion frt>m linearity for the result 
[0054] The raflecAed pulse train is the same as the transmitted pulse train except decreasing by 
the prompt pulse which is the first surface echo and contains the great portion of pulse energy 
(namely, 93^), as shown In drawing 8 (b); Since tiie pulse reflected in this beginning occupies 
strong [the great portion of], it is oonvenient to perform what kind of experimental application 
and measurement. The reinforcement of this prompt pulse should care about that it is 2500 times 
the reinforcement of the pulse train which continues immediately after a prompt pulse. In almost 
all oases, tills weak pulse train does not influence raBasurement. However, It can still be hard to 
accept 

[0056] Of course, although the low etalon of exquiaiteness can also be used, attenuation of the 
pulse train which will be transmitted if it does so wilt become rapid more ail the time, and the 
dynamic range of this correlator will become a limited element. For example, a surface reflection 
factor's activity of the etalon which is R= 30% generates a series of pulses which each pulse 
becomes weak 1/10, and decreases rapidly rather than the last pulse. So, since it is the dynamic 
runge of triple flgurea In one-time measurement in almost all data acquisition equipment, only 
about only three putaos can be used for the calibration of real time. This was the case of the 
correlation ishown in drawmg 5 -7. for axampfe, by tiie dynamic range compression scheme of 
using logarithmic amplifier, until clearance of this effect can be carried out to some extent. 
[0056] The combination of FP etaJon can be used in the still more nearly another example, for 
example, according to the thin (it is (like a cover slip)) etalon, the pair of the pulse {- 1 
picosecond) which approached extremely is generated ' — it can make — this — ^ more spacing 



— being large (for ejcample, 20 pieosecdnds) — it can send to FP exquisite to altitude ~ I will 
come out Consequently, IJib puls6 pair of every 20 picosseonds of a aeries of will be abtainail. 
Thereby, tiie local and derivative information about timing characteristios is acquired. 
[00573 A solid (solid) or a space mold (air SUPiSUDO) is also available for the above-mentioned 
FP etalon. Although a eoiid etalon is Ttv>m uneven and It is compact, an air SUPESUDO etalon 
can be adjusted and can avoid the breadth of a pulse. Here, the breadth of a pulse is a 
phenomenon which happens to the pulse which penetrated the etalon and has carried out many 
round trips. In order to acquire high degree of accuracy, it is required to control the temperature 
of an etalon, for Bxampie, a functional change of the ^up delay (group dday) which penetrates 
the piece of a . **»H''N' silica, and happens Is delfcal/l-IO-e degree C in approximation. So, when thfe 
precision of 1 micron (6 femtoseoonds)-is required in the range with an overall length of 1m (6 
nanoseconds), temperature of an etalon should be tnade fixed wii^ln 1 degree C. There is an 
advantage in an air SUPESUDO etalon at the point which can be constituted using a 
temperature"Compensation anchoring technique, Therefore, the temperature sensitivity of a 
solid etalon may be able to be reduced and it may be unnecessary in temperature control to 
actuation at a normal room temperature. 

[00581 In addition, as shown in drawing 12 (a), aom? which uee a series of fiber |9ids S10 from 
which the rate of a light reflex formed on the optioal fiber 300 differs are one of thpsa can be 
carried out Theise grids 31 0 can be manufactured ap that a pulse sequence may be alec 
uniformly expressed also to Mr. un-1. In this case, although spacing (spacing) is uniform, that 
amplitude is un-uniform so that the scale "regular (ruler)" which a big pulse produces every 
every five pulses and 10 pulses as shown in this drawing may be formed. Of course, the fibe*- 
grid's 310 being formed in a desired location anywhere, if it is in a fiber 300 will be were rich in 
versatility very, and It will be advantageous to arrange a grid 310 in Mr, un-1, when removing the 
ambiguity of timing, 

[QQ5Si] Moreover, if ft i$ made for a pulse to want to pasa the true length of a fiber 300, a pulse 
will spread by 0t>up-^elocity distribution (GVD) witiiin a fiber 300. Then, the chirp grid 3l0 may 
be formed in a way with which C3VD of the fiber 300 which should be passed is compensated 
proper. Since ttiere is only about 2 merenm of no reflective bandwidth, if it is going to become 
Instability to the pulse of a sub picosecond and is going to obtain the time resolution of high 
deff-se of accuracy, a chirp grid is required of the grid which does not have a normal chirp 
actuafly. The ftjtl-width-at-halfnTjaximurn (FWHM) bandwidth of a IQO-femtosecond pjuise with a 
central wavislenglJi of SOOnfn Is 8nro. And on the wavelength of ISOOnm, bandwidth is about 30nm. 
To l^ieae pulses, only the chirp gKd fully has wide band width of fiaoa. 

[0060] It is known that those pulse itself has spread and the chirp of the reflective pulse of the 
femtosecond from a chirp grid is carried out In tills oase, as an outline is shown in drawing 12 (b), 
it is required for the direction of a chirp to reflect continuously the pulse from two chirp grids 
320,330 of reverse mutually. Here, a pulse is the chirp grid sequence CFGS first Amplification 



(broadcloth NINGU) of a pulse is prevented by using the compensatipn sehems of it being 
reflected from 320 and reflected from the elmost seme ohirp grid 310 by w*iich the chins was 
porrtinupusly earned put to the reverse sense, the same resirit is obtained even if it makes this 
sequence into reverse, and reflected in the degree of CFG in order of C.FGS namely,. Polarization 
beam splitter PBS By 340, it is the quarter-wave length plate QWP again. Effeptlve dMsion 
(splitting) and an effective echo are brought about by 350. 

[0061] This technique was applied to chirp pulse magnification within the fiber by GABUBANASU 
dregs etc., and has stored a success (A,Qa]vanauskas,.M.E.F6rmann, KSugden, andBenrijon, and 
*AMber femtosecond fjulee amplification circuit using chirped Bragg gratings." AppLPhys.LetL, 
68, PP.1Q53-5, Feb,27, and 1995), Hcwever. tiie object in this standpoint of this invenl^on differs 
from them, such as gal BANAKASU. In their research, in order to extend a light pulse to the very 
long persistence time (>300 picosecond) for chirp puise magnification, and in order to compress 
the pulse again, the grid of a couple is used. Since this invention of bandwidth (- Inm) is [the grid 
by which a chirp is not carried out ] inadequate for supporting a short pulse, the chirp grid is used 
by the reason of since some needs of compensating GVD of a fiber to the puise which crosses 
the true length of a fiber will ariste. Hera, there is rjo demand that it will extend a pulse since the 
pbject tn this gtandppitit of this Invention is generating the sequence cf a short pulse. 
£00623 Two fiber grids can be used atep in order to form an usable fiber FP etalon in transparency 
and an echo. Or a passive pptioai-fiber loop fonmation may be used. Other structures where an 
echo can be caused have the inadequate junction to the cptlcal fiber in a fiber, and a micro bend. 
In these cases, probably temperature control will be required, and the variation of a oalibrataon of 
timing can be known beforehand and will be compensated mathematically- 
[0063] If ttie pulse train h physically possible, it is generable also by a series of mirrors 
selectively reflacted with the reflection factor and spacing of each mirror which were carefiLtlly 
chosen so that a desired pulse train might be acquired The algorithm for cnlcuia'Ung a mirror 
parameter required since a desired pulse train Is prpduoed fi'om a single pulse is already 
developed (V.Narayan et al., "Design of multimirror structure for hig-frequency bursts and codes 
of ultrashort pulses, "IEEE aQuantum Electron,QE-30, pp.1671-1S80, and July 1994), In addition 
to this, the optical device wi'hjoh consists of a partial reflector which can be used also in order to 
generate a putee train from a single pulse has many, 

[0064] A pulse train programmable to arbitration is generable by letting a laser pulse pass to the 
pulse shaping distribution delay lino (DDL). According to iljjs, although much bigger flexibility tiian 
the above-mentioned approach is acquired, there is a fimitation in respect of the greatest pulse 
separation which can be attained. The upper limitatipn Is actually 1<K) - 200 picosecond about. If 
some also tend to enlarge pulse separation fi-om this, big equipment will be physically needed and 
it wiil become expensive exorbitantly, 

[0065] Wavelength will be for another most useful example on the laser of the low repeatability 
near 1 550nm (SQMHz or less) to pour in a pulse train into tiie playback soiiton preservation ring 



which consists of a fiber loop foimation with a gain asctSon (for exampie, fiber by whioh Er dope 
was carried out). The pulsa train poured in into tiiia ring wfll be acquired by various approaohe? 
tnoiuding the approach sKplahned here (for BJ<emple, the Fabry-Perot etalon, a fiber grid, a pulse 
shaper, in addition to this). SincB it Is playbadtHike [ this loop formation ], it is required to 
regrout with dumping about each laser pulse. This wili happen every 200 nanoseconds by 5MHz 
laser, ^vetl if it is AO (acoustooptics ^rge'O and is EO (electro-optics target), it is attained by 
the commercial optical switch of a certain kind, and deals in damping and impregnation. 
COOee] However, another example wiU be for pouring two or more short pulses from single laser 
Into the laser diode by which bias wsa can-led out even a ttreshotd ^threshold level) or near th$. 
Two or more facets of laser diode have 305S of heflecWon factor, and form fP etalon with low 
ejcquisiteness. However, the gain of this, laser diode will prevent thru/or prevent the "ringdown" 
of a light pulse. Thus, it will become possible to acquire the pulse train which consists of dozens 
of pulses. Group-velocity distribution in this diode and narrowing (gain narrow INGU) of gain will 
extend the pulse wiiich carries out many round trips through that structure, and, so, will restrict 
the number of usable pulses actually. This device is applicable to an echo and transparency. 
[0067] Speqiaiiy, a fine palibration (submioron) inserts a birafringohqe prystal (for example, Xtal) 
into one team of the Instrumentation system, and can make it by comparing the arrival time of 
the pulse spread in accordance with **** and the abnormality shaft of the crystal. In 1mm typical 
board thickness, the retardation for 2-^3 waves- is produced, and if the pulse. of the persistence 
time of 100 or less femtoseconds Is used by the retardation, the difference accepted eaBily will 
be produced. 

[OOfiS] ESynchronous detector optical system] A certain kind of nonlinear element can be used 
for the pulse signal train generated by the above-menifened approach, and it can take an another 
laser pulse and an another oross-correlatlon. In order to detect the synchronia and the rslative 
pulse timing of a pulse, various kinds of nonlinear processes can be used. As usable nonHnearity 
of a certain kind, although there are secondary harmony generating (SHG), total sum 
frequency generating, gain saturation, absorption saturaUon, 4 wave mixing, and a photoourrent, it 
is not limited to these. There is an SHG crystal as selection which is likely to have a nonlinear 
element However, only when an SHG crystal is used, and overlap is between laser pulses, there 
is demerit in which a signal does not occur. So, this can be used only as a detector of synchronia. 
By such a reason, it is necessary to use the variaus Wnds of the above-mentioned pulse train 
generator, a pulse shaijer, an etalon, and otiiers. In a certain situation, a very high precision 
aOQuired by the activity of an SHG orystal does not have the need. In a certain case, the more 
desirable thfng has alfeo used the element with which the information about a time lag is acquired 
tilrou|#1 "amplttude" information because with the response at the time of non-**. There are 
many devices relayed in a saturation operation like a device with suitable traveling wave laser 
diode amplifier (TWAs), saturation absorber, photodetector, etc., an ingredient or an PIN 
photodiode, an avalanche photo-diode, or a SEED device. For example. TWA etc. has been used 



for recovery of an optioal clock in optical communicatiDn. If these (TWA) are fully driven to a 
6&turati"on state, tisey will become oomparativ&iy insensibiB at fluctuation of the ampilitudQ. Here, 
■tfiB precision and range are decided by the recovery time (recovery time) of the device, it turns 
out that measurement can do a TWA device in the phase precision to about ten - three radians. 
In such a photoelecfct>n device, only the nonlinearity of optical absorption is not the only method 
of bringing about timing information. Puise timing information is acquired also by observing 
Biectric properties, such as a photocurrent of tine device which changes as the pulse spreads 
through the device, and an eieetrioal pptential difference, elepb-lc capacity. In detecting change 
of an optical property, this is big simplificiation. 

[0069] the laser scan system described bene although these timing calibration techniques were 
used with the rapid-scanning laser method **** — it does not restrict but it is expected ttiat 
it is applicable even to fi'ee scan laser, a duplex wavelength mode locked laser, end the usuel 
scan system that has adopted physical delay. As the example, there is calibration data shown in 
drawing & -1 1 . This data was acquired from the scan system which consists of a RITOt^O 
reflector attached on the voice coi! (loudspeaker). Since the sinusoidal voltage was impressed to 
the loudspeaker, some of the time lag was scanned at the sine waveHtune. The scan 
characteristic shown in drawing 1 1 (a) is applicable to correction of the time scale of any data 
acquired during the scan. If the actuator drivee with the bigger amplitude, the scan cheracteHsUc 
will produce deflection clearly h sine wave. This is also correctable. It has a nonlinear jsoan 
characteristic correctable by the timing method of this invention explained here with o'Uier 
revolving devices, such as a glass block and a revolution mirror, again, 
[0070] [Laser stabilization] Since the error of any moid cavity lengtii is accumulated in a 
constant for every round trip of a laser mold cavity, even if it is fluctuation of very small mold 
cavity length, a big timing error may be produced. So, a servo loop is used and it is "time 
average" repeatability nu 1 Or although it is equivalent, it is neosssary to hold "time average" 
mold oavjty length mismatoh deitat to zeno. As shown In drawing 13 , tiie feedback signal used in 
order to control en average mold cavity mismatch is detected by photodetector PD-1 of a couple, 
and PD-2, and is Introduced into the usual phaseHooked loop (PLL) circuit. As explained above, 
it turns out that the precision of such a PLL stabilization system is already measured, and two 
fiber lasers can be synchronized with RMS of less than five picoseconds by the maximum timing 
migration to 20 picoseconds. There is no precision of the stabilization quoted here what is based 
on a current technical level and shows the absolute Umitatlori which can be attained. It is **** 
which can raise precision to less than one picosecond intrinsteaHy. however ^ if the time . 
resolution of the request which beoomes 1 or less femtosecond depending on the case is 
reached ****** — it is not expected. The timing proofreading method explained for this 
reason here is stiil required. 

[0071] The detailed mimetic diagram of the laser stabilization oscillation system which contains a 
stabiteer 130 in drawing 13 as a desirable example Is shown. A stabilizer 130 is timing 



discrimination equipment TD. 131,132, a phase detector 133. a filter 134, the 
dfrect-current-vottage generator 135, amplifier 188, the frequency generator 140, and the adder 
137 are included/Pulse amplifier (PA) 430,440 reoeiyes tlia eleciric pulse output from 
photodetector PD-1 and PD-2, respeotively. Pulse amplifier 430,440 amplifies these received 
electric pulses, and is timing discriminaUon equipment TD. It outputs to 1 31 ,1 32, respectively. 
Timing discrimination equipment TD 1 31 ,1 32 prepares the signal, before the signal is inputted into 
a phase detector 133, Here, the commercial PZT control unit is used for the PZT control unit 450. 
Hi^'-tension amplifier incorporates the input signal of the range of 1-1 OV, and generates the 
output erf the range of 0-1 6DV proportional to this, Although the P2T control unit 450 is 
illustrated as anotfcier unit, it can also uniiy m a stabilizer 1 30 and It Is more desirable. 
[0072] In this desirable example of a atablllzor 130, the phase detector 133 for Pit is good at 
sisindard RF phase detector and a mixer (mixer) like an XOR gate with high linearity. Linearity is 
dramatically important also when rt is going to scan what kind of subinterval of round-Trip Time. 
Or e time amount amplitude converter (TAG) may be used as a phase detector 133. Probably this 
also has very high linearity and will be suitable especially in ttie low repeatability of 5 eto.MHz eto. 
One limttation of phase stability precise to altitude is ponversion (eonvprsion) to FM vrfiicji may 
happen in simple RF mixer from AM, That is, fluctuation of the amplrfcude of laser will be changed 
into fluctuation of timing by this mixer. So, It is desirable to perfbrm signal oondrtioning (si^al 
conditioning) to the electric pulse ganerated by optical diode PD-1 and POr-Z. If it carries out like 
this, as shown in drawing 1 3 , the timing discrimination equipment 1 31 ,1 32 in front of a phase 
detector 133 can perform most easily, Hoy/ever, this effect may be minimized also by reducing 
the amplitude noise of laser. It Is known that an optical limit process will happen to an output port 
with laser between the mode locking actuation under a certain conditions. Thereby, when a 
ballast ohoke 130 operates, a timing jitter can be reduced substantially. 
[0073] it is ijTMSortant that scan frequency is also larger than the bandwidth of a stabllizatten 
system. For this reason, although PLL maintains a meanHame location proper, the apfrfted mirror 
scan is not blocked. T^ie above-mentioned twin fiber laser was stabilized using the PLL circuit 
wrtii a bandwidth of only 30Hz. There is an advantage that the range of the rate of a scan can be 
set up In the range until it results [ from 30Hz ] in several kHz in this, -feirly lower bandwidth. In 
order to aontinue maintaining a synchronization in the precision of less than ten picoseconds, 
tKing the bandwidth of a 30Hz stabilizer, the relative timing jitter of the proper of the laser of a 
oouple must be very low. This is attained using the approach of a configuration of hawng 
explainiBd above. It ensures putting two Jaeer on the ehvlrPnmenSal condition with the approach 
same in the blgpst possible range. 

[0074] !t is also possible to generate a feedback signd required for stabilization with simple 
correlator. While laser is scanning, the peak location measured fay correlator can also be used as 
an error signal fed back to a ballast clioke 1 30. Since laser is scanning constantiy in this 
invention, please care about that the technique of the simple static synchronous detector of 



Dykaar eta), does not go well here. 

[0075] The rapid-sosnning system of this invention won the scan physios delay usual at many 
points, and fr^ scan laser. Also when the big delay fer several nanoseconds especially arises in 
s scan unlike the usual scan physies delay with a movable arm (Moe Ving arm), in this invention, 
neither misalignment nor 3 focus blank happens to a laser beam. In physical delay, alignment must 
be performed very carefully, and a confoca! parameter must be larger than 1 m also to tiie delay 
line for 1 nanosecond. Moreover, eccordingto this invention, the rapid-'scanning rate also 
exceeding acoustic velocity is possible. However, in physical delsy. even tiie scan for 1 
nanosecond <10Q foot per second) Is doubtfiil at 1DDHz, But accordihgto this Invention, a scan in 
the range until it can carry out a big (it can adjust) scanning aone, for example, continues [ fi-ofn 
abput 50 picoseconds 3 till 200 nanosBoands in the fiber 'laser which is SMHz is possible. Probably, 
the 200 feet delay line will he required in order to attain such a scanning zone by the usual scan 
system. Moreover, it Is not necessary to adopt the laser of high repeatability like the usual free 
scan system for a better duty fector (duty cycle). 

[0076] Furthermore, a big time dynamic range is possible, and this is usefti] when carrying out a 
scan and OTDB of the target which separated. For e>camp!e. with the time resolution of leas than 
1 femtosecond, If the total se^nnitig zone is TR =200 nanosecond, it is 108. A time amount 
dynamic range is obtained. Morepvar, unlike usual free scan systsrii, #i8 duty factor it is 
decreasing in the dead time substantially and Impr&ved is attained. Further now, according to this 
invention, the design of a very simple and cprapact synchronous detector is that of **, without 
needing no moving parts. For example, this correlator can also be made into the si<;e of Game 
Boy (trade name). Moreover, by this Invention, since the die length of a stroke does not need to 
niatch, the setup of an experiment becomes very simple, 

[0077] The above-mentioned rapid scanning and the approach of a calibration can be used in 
order to conduct various measurement and axperiments. ApplicaiJcn of 2-3 which can use the 
approach and equipment of this Invention is expJained balcw. However, If it is this contractor, he 
can apply this Invention to many application, and it will be able to understand easily that it is not 
what is limited to tiie application explained below. 

E007B] Drawing 1 4 shows the desirable example of the common instrumentation system which 
has adopted the timing calibration approach by this invention which is using FP etalon, and 
rapid^scanning laser syjstem. Incidence of the laser 510 (it is unquestioned whether laser 510 is 
master laser or it is slave laser) is carried out to FP etalon. The pulse train discharged by passing 
FP etalon i^ sent to the timing unit 540, and a series of data (data stream) which ©ves the time 
scale which the single pulse and cnDSB-ocrralation from ^asar 520 wereiaken, and was proofread 
generates it The pulse train f efleotfed from the above-mentioned etalon is sent to a 
measurement unit (figure abbreviation) along with ttie sin^e pulse from laser 520, the data of the 
iip Norikazu ream from this measurement unit is inputted Into "Y channels" of the data 
acquisition system (DAQ) 550 — having — the data of a slni^e string of the timing unit 540 on 



the other hand ~ DAQ It is inputted into "X channel" of 55G, There sre two applications from 
which a degree differs in thl6 information. 

E00763 1 , Time-oMIight scale correclaOTi : with iJiis technique, a timing pulse fonfls a time scats. 
For example, supposinf a sinusoidal scan is used, even if it is a uniform pulse sequenoe, 
nonHunlfbrmily is expressed in time amount. This lume scale information could be used in order 
fertile exact time scale before signal averaging to adjust scan data proper (using interpolation), if 
it is a high speed processor. 

£00803 In other words, each scanning point is corrected by the high speed processor based on 
ihe tioiia scale formed of the timing phIss. For example, drawing 1 1 <a) shows the scan 
oharaoteristic to each peak of the scan shown in drawing 10 , and drawing 1 1 (b) shows the 
daflectbn from the linearity of these points. ITiis time scale information is used for correction of 
this deflection, and can correct each peak "under flight" intrinsically. 

[0081] 2. Abatement of a scan (wise triggering) : "the scan selector (scanning selector)" which 
looks for many timing pulses (at least two) which iiappen within the predetermined time amount 
slot relatively defined as the trigger pulse well ie upsd for tiiis technique. This selector 
determines whether total the scan data Included in a signahaveraglng machine <9 go / no go). If 
the timing pulse from correlator fits into ttiis time amount slot, a scan will be totaled to a current 
date buffer. Converseiy, tiie scan Is eliminated when a timing pulse "makes a mistake" in the time 
amount slot. After equalization of a signal ends, any rtoniinearity of a time scale can be 
compensated proper. 

[0082] Many scans will become useless although this wise triggering method is the simplest for 
carrying out, During a flight, scale correction is refined more, and aithougb it is more effioient if it 
says from the futility of a scan, a count load is larger, therefore, ft will be decided which 
technique the limit by applioatfon uses. 

[SuriBce insirumerttatJon system] As an example of still clearer appBcation, as shown In drawing 
II «ncl drawing 18 , there are two examples with Uis desirable surface instrumentation system 
which has adopted the hi^^r^peed laser scan technique of this invention instead of the usual ** 
Miller process, 

[0083] Drawing 15 shows one example of a surface instrumentation system. In this example, 
incidence of the beam from the slave laser 620 is carried out to FP etalon which generates the 
pulse train inputted into the timing unit 641. The beam from the master laser 610 is the ordinary 
beam splitter BS. It is divided by 660. One side of a beam by which the slave laser 820 was 
divided is inputted into the timing unit 841, Another side of this beam is turned to the front faoe 
inspected, and is reflected on this front face. The reflected beam is inputted into correlator 640. 
Similarly, tiis single pulse reflected from FP etalon is also inputted into oonrelator 640. Therefore, 
correlator 640 is used for the object (test piece) which should be measured, and the timing unit 
641 is used for a time scale calibration. The data stream corresponding to the object which Is an 
output from correlator 640 is inputted into Y channels of DAQ650. And the data stream 



outputted from the timing unit 641 which contains correfator again Is inputted into X phannBl of 
OAQ650. The timing unitdata inputted into X channel brings about a time sqale. And the distance 
infennation on the front face of an dbjeot is acquired from tiie data which was outputted from 
correlator 640 and inputted into Y channels. 

[0084] Drawing 16 shows another example of the surface instrumentation system which has 
adopted two or more techniques of this invention. In this example, the timing device (FP etalon) 
is ****{ed3 in «ie beam path to an object. The beam reflected from FP etalon irradiates the 
oyeot which should be measured. It is condensed with a lens LI and light scattered about from 
an otyetJt front face is mtcombined witti the pulse train [ finishing / a calibration ] which passed 
FP etaion (minding a beam splitter BS 670), The dletanca information (single pulse) to the object 
on which two or more pulse timing scale from this etalon was overlapped is acquired from the 
cross-correlation acquired as a result between the puise trains from the gating pulse, object, and 
etalon from the slave laser 620. It is a single data stream and both the distance information to an 
object and a time scale calibration are included in this by this result. If it strokes, the distance to 
one on an object front face will be presumed by measuring the relative time lag between the 
timing pulse in « dfrta stream, and an olitjeQt pulse, the dHfereince for which this ootnparispn 
between jsn objept pulse and an etalon pulse used the ultrashort pulse — It is the 
complefte-change form of mensuretion. 

[0085] In drawing 15 and drawing 16 , FP etalon is illustrated, as countered by the acute an^e to 
an input beam. This incident angle is exaggerated in order to make it clear. If FP etalon is leaned 
from vertical incidenoe, as shown in drawing 8 (a), it will turn out that the amount from which a 
series of reflected lights of this etalon shift horizontally Incresises at this contractor. Therefijre, 
the thing which can realize an incident angje and for which it restricts, it is made ^msi\ and FP 
etalon is used is desirable, if a polarizer and Faraday rotator are in front of FP etalon, an activity 
on a vertical-incidence square is also possible. This spatial gap does not spoil the engine 
perfbmianoe of this eorrelator, wrjess the lens and other openings of correlator 640,740 are 
overflowed, 

[0088] Or the effect of this strike slip changes the form of the envelope of a pulse train where 
rapid degradation is something different, and may produce a certain advantage, such a thing—" 
the scene of a beam — minding — or it may happen by the selectable nature of the include angle 
of the phase matching conditions of the nonlinear mixing crystal in correlator — 1 will come out. 
[OTDR system] drawing 17 is the mimetic diagram of the optical time domain refteotometer 
(OTDR) system which has adopted the rapid-rscanning laser and the iaming system of this 
Inventipn, As for scan laser system, it is desirable to consist of laser (nu to five to 1 0 MHz) of low 
repeatability so that the usable ctear range may become large. The short pulse from the master 
laser 710 is a beam splitter BS. It is divided into two beams by 760. One side is sent to the timing 
unit 741 among the divided beams, and another side is sent to the waveguide sample offering 
devices (OUT) 790, such as a fiber. The pulse reflected from the front face in DUT790, a 



connection, a defect, etc. is sent to correlator 740 for measureraent of precise timing with a 
prectaion of about 10 fenrrtoseoonds, i.e., about 3 microns, thru/or distance. This is r«ali£9<l by 
the fqillowing approaches. 

[00B7] That is, the single pulse from the slave laser 720 Is divided into two beams. Among tJiose 
beams, since one side is used as a gating pulse for the signal from a fiber, it is sent to correlator 
740. the another side is sent to the pulse shaper 780 which generates the pulse sequence used 
with the timing unit 741 whose itself is another correlator next, in order to bring about the time 
scal^ proofread for the data lacquisition (DAQ) unit 750. For the system of repeatability with low 
5MHz (tfJ =200nB) extent, tha pulse shaper 780 must generate the pulse eequenoe which fills the 
wfhoie timing Interval for 200 nanoseconds generally. The pul&e shaper could consist of this 
desirable example using the chirp fiber Bragg grid as shown in drawing 12 (b). 
[0088] As a deformstion mode of this laser, a timing unit and correlator are usable. For example, 
the role of the master laser 710 and the rcle of the slave laser 720 are exchangeable. As a pulse 
shaper, a fiber FP etalon or (passivity or those with gain) fiber loop formation is usable. 
[EO sampling oscinoscoPB^ drawing 18 is the mimetic diagram of an electro-optics sampitng 
oscillosoope witiiout a jitter which «sed the rapid-scanning laser and the timing system of tiiis 
Invention. In this estample, the non-contact EO sampling technique fully established is combined 
wnth the rapid-scanning technique explained here, and quite big flexibility is brought to 
adjustment of a time scale. 

[0089] The pulse from the master laser 810 is divided into two beams. One beam is sent to the 
timing unit 841, and the pulse of another side is sent in order to generate an electric pulse cn a 
sample offering device (DUT). In this case, the sample offering device is attached on the 
integrated circuit flC) through the photoconduction (PC) switch 801. The pulse from the siave 
laser 820 is also divided Into two beams. One beam is sent to the eiectro-optios (EO) probe chip 
892, and the beam of another side is sent to the pulse shaper B80 which generates a pulse Irain, 
This pulse train is sent to the timing unit 841 next for the calibration of a time scale. The pulse to 
which it came on the oorrtrary from EO probe chip 892 is modulated by tnterferenpe between the 
electricel potential difFerenoe from DUT, and EO probe chip 892. These pulses are detected by 
the polarization optical element 893, and are sent to Y channels of DAQ850. Therefore, a 
precision timing calibration is obtained the same with having explained for ODTR of drawing 17 . 
[0090] A time lag, a scan interval, and scan frequency can be set as a desired value with a 
stabilizer 830. For example, if you want to increase scan frequency to two times (not being a 
scanning zone), it is necessary to double the modulation frequency in the stave iaaer 820. and 
only a corresponding amount needs to increaee the scan electrical potential difference of PZT. 
Wiatis necessary is just to increase ttje scan eleotrieal potential difference of PZT simply, in 
order to increase a scanning zone compared with it without changing scan frequency. The 
relative delay of the time amount sweep range (time sweep range) is acljusted by the phase 
control of a stabilizer 830. This flexibility of adjustment of a time scale is the same as that of 



what is given by the time delay base of the usual oscfUoscope. 

[0091] Probably, it will be possible eimilatiy to use a photoconductivity sampfing for this objeot. 
Although much high sensibility will be obtained if it carries out like this, time reeolution is 
restricted by about 2 picoseconds. The application of a short laser pulse and scan delay used 
most Widely was pump probe measurement of physics, chemistry, or electronic system all the 
time. However, it is what is likely to happen at any moment that the application range for this 
technique spreads out quickly, and this technique becomes goods across a science oommeroial 
scene. The technique of rapid scanning explained here and a time amount calibration is usable to 
almost all application using a aupar-** laser pulse. All an beoauso acjiustment of the time lag 
between laser pulses Is needed in a certain format on the data of these application. These 
application can be applied widely, wfthoat being able to apply to the efectro-optics trial of the 
pharge dynamics property of a semiconduotor raaterial, and the ultra high-speed electron / 
pbotoelectron device in the field of a semiconductor device, ell optical-aignalTjrooesBing 
photooonduction samplings, time amount decomposition NANOMETA probing of various many 
ways, etc., and being limited to these. 

[0092] Therefore, many new application for the terahertz beam to which these scan nriethods 
containing terahertz IMEJINGU are applicable j$ under development As the example, there are 
some which are indicated With referenoe (B.B.Hu et a!.. "Imaging with Urahetz Waves", 
OptioUtters, VoL20, No,16, August 15, 1995. pp.171 6-1 7 19), such sb Huu. Recently, a ultra 
high-speed photodetectpr comes to be marketed and the speed (50GHe, 10ps FWHM) exceeds 
far the measurement capacity of a commercial osoiiloscope (for example, Newport Corp.Model 
#PX~D7 made from Pioometrix). Picosecond laser and scan delay are required in order to pull out 
the advantage of the speed of these detectors to the maximum extent. The span method of this 
invention Is moreover still more suitable for especially remote pro FAIRNGU of the laser radar of 
the resotution of superiority with extraordinary Beleotion of the scanning zone, therefore 
submilBmeter meter, and an ottiect Apcording to the flexibility of the scanning zone adjustment, a 
rapid-soanning system pan b« made parallelism with the good adjustment hoMrly base of an 
oscillosoope. 

[0093] According to the very high rate of a scan which can be attained by the rapid-scanning 
approach explained here, operation of much potential new application can be enabled, A scan 
speed parameter (one to table 3 reference) is the symbol of the advantage which has utility value 
specially. The scan speed of tables 1-3 should care about that the range has attained to even 
30,000 m/s from 3 m/s. So, also wi«i a free scan technique or a rapid-soanning technique, since 
the supersonic scan speed is possible, this invention has utility vaiue potentially by research and 
application of the sound efFeot in the solid-state by which induction is carried out, for example to 
laser, and a liquid, a photoelastic effect, etc. It is not practical to use the usual scan method in 
such application. It is because it is required in the usual scan method to move a iscan mirror at 
acoustic velocity in a physical delay system and it is unreal. 



[0094] Although this invention has been explained reference to a desirabie example, 
appiication iS not limited to these «xamp|es. It is clear to this contractor that there are the 
deformation mode and variation of others to this invention from th& atjove disclosure and 
instiiation. Therefore, although the examples of this Invention which took up here and has been 
explained are some 1*iose mere, it is clear for many deformation to be possible on it in eddttion. 
without sepai^ating from the thoujght and the judgment of this invention. 
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(54) OPTICAL HBER LOOP f OR EXCITATION OF OPTICAL AMPMFIER 

(57)Abstraot: 

PURPOSE: To obtain an optical fiber loop for isxcltaiion of 
an optical amplifier which causes very little a microbanding 
loss or a loss depending on a polarized light. 
CONSTITUTION: In an optical amplifier amplifying a signal 
light 101 by a stimulated emission light obtained by making 
the signal light 101 and an excitation li^t enter an optical 
fiber 1 for excitation doped with a rare-earth element, an Ipi 3 

optical fiber loop for excitation is constructed in such a ._j ' L 

manner that the optical fiber 1 for excitation is wound in the ^ ..^j^ 
shape of a loop in a free space, so as to form a bundle, and r"-, 
a part or the whole of the loop is bonded by a bonding agent S-^LJ 2' 
2 BP that the bundle be fixed. Since the center of the 
optical fiber loop for excitation is located in the free space 
not containing a support such as a bobbin, no lateral 
pressure is applied to the optical fiber loop 1. By using this 
optical fiber loop for excitation, therefore, the optieai 
amplifier which is free from a change in the state of a 
poiarized light, causes very little a loss depending on the 
polBfi^ed light and has a stable amplification fiactor can be 
oonstntioted. 
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DETy^LED DESCRIPTIOM 



[jDetailed Description of the Invention] 

[00011 

pnjlustriaj AppKpetion] This invention roletes to the optical fiber loop formation for excitation pf 

the lij^t amplifieif used In the iield of optical communication, 

t0002] 

[Description of the Prior In the option transmission systeiri, after magnification of the 
lightwave signal decreased by long-distgnce transmission onoe changes a lightwave signal into an 
electrical signal conventionally and carries out electric maipiification, the approach of changing 
into a lightwave signal again is enforced. However, by such approach, in there being a limit, there 
is a problem that a system becomes compljcated in the junction of the hi#« capacity 
communication asked for rapidity, RecentJy, the Jl^t amplifier Which can ampliiV 9 direct 
lightwave si^al is being used, without ohan^ng optical cornmunlcation into an eflectrical signal. 
An active element Is excited with the excitation light by which inoidenoo was carried out to the 
optical fiber for excitatipn which doped rare earth elemente, euch as an srtHum, in the core 
section, and a light amplifier amplifies directJy 1he signal light which passes through tiiat by the 
induced emission. 

C0003] The light ampfifier which used the optical fiber for excitation which doped the erbium as an 
active element fits the optical amplification for 1,55-micrometerband optical communication, and 
is already being put in practical use. Moneovar, about the optical ampliftoation for 
1.30-m(crometer band opWcal communipation, the optical fiber for excilation which doped 
neodium and PURASEOJIUMU attracts attention. 

f0004] There is an optical isolator for removing the reflected light of the optical multiplexing 
machine for carrying out incidence of the power circuit, and the excitation light and signal light 
from the excitayon light source for driving the excitation light source for exciting the active 
element other tiian the optical fifser for exortation and the excitation light source as a main 
component part of a light amplifier to the optical fiber for exeitaitioti, excitation lleJit, or signal 
light etc. As a direction of incidence of the excitation li^ to the optical fiber for excitation, there 
are front excitation excited from tiie Ineidence aids to the rare-^earth^elemente dope opttoal 
fiber of signal light, back excitation excited from an outgoing radiation side, and bidirectional 
excitation excited from an incidence and outgoing radiation side, and it can respond like an 
activity eye of a light amplifier, respectively, and can use properly, 

[0005] Die length differs and tiie optical fiber for excitation which doped the rare earth elements 
used for a light amplifier is variously adopted by the concentration and fibw structure of an 
active element in a core from the less than lOcm thing to the thing 200cm or mora, jn order to 



make the whole light amplifier compact, the optical fiber for excitation is twisted around the reel, 
EOOOB] 

EProblem(s) to be Solved by the Invention] When tt generally bends in a small path, the 
transmission loss called macro bending loss generates the optical frber of a single mode, 
Transmission loss becomes large, so that a bending diameter is so small that curvature is large. 
Since the rare-earth-eiements dope optical fiber used as an optical fiber for excitation of 9 light 
amplifter is an optical fiber of a singio mois, it has a limit that the diameter of bending is not made 
to below constant value. Furthermore, recently, since changing signal luminous intensity is known 
and it beopmes the oause of deg^disrition of a transmission characteristic aoobrding to the 
polarization condition of the signal lig^t wiHoh transmits an optical transmteeion eyetem, it has 
been required that loss resulting from aj\ optical device and the polarization dependency of a 
transmission line should be made small as mudi as posetble. 

[0007] Generally the optical fiber for excitation is twisted around the bobbin with a diameter of 
several cm or the real. The threshold value in which a micro bending loss generates the path to 
twist with the optical fiber property of the diameter of mode FIRUDO and out-pfF wavelength of 
the optieal fiber for excitation differs. Those elements are considered and it is usually twisted 
around reels mede from plastics, such as polyiDfopylene vrfth a diameter of about 45mm or more 
and polyethylene, thus, a reel or a bobbin a volume — -Hie price — — excitation — - 
an optical fiber the loss depending on polarization was considered in the detail about the loop 
formation. Consequently, it was found out that it is one of the causes by which a lateral pressure 
Is added from peripheral faces, such as a reel, to ttie loop formation of the optica! fiber for 
exoitaWon, an optical fiber produces distortion and ih\a produces a polarization condition. Since 
this lateral pressure changes with temperature fluctuation, it will bo twisted around a reel, and 
the iosrs which depends for an optical fiber on polarizaluon will also be changed. 
[0008] !t was made in order that this invention might solve such a trouble, and It aims at oflTering 
■Oie optical fiber loop formation for excitation of the veiv small light amplifier of a micro bending 
loss or a polarization dependence loss. 
[0009] 

[Means for Solving the Problem] The optical fiber loop formation for excitation of the light 
amplifier which applies this invention for attaining *i8 olyectln the light amplifier which amplifies 
said signal light with the induced emission light which is made to carry otrt incidence of signal 
light and the excitation light to the optical fiber 1 for excitation which doped rare earth elements, 
and Is obtained as shown In drawing 1 corresponding to an example Said pptioal fiber 1 for 
excitation is rolled in the shape of a loop formation in free space, a tundle is formed, a part or all 
of a loop formation paetos up with adhesives 2, and the bundle is being fixed. 
[0010] 

[Function] Since the bundle has fixed ihe optical fiber loop formation 1 for excitation of a light 
amplifier with adhesives 2 by the condition of having been wound in the shape of a loop formation, 



without including base materials^ such 9S a bobbin, at the cora, a lateral pressure is not added 
from a core to the optical fiber loop fiprmation 1. Therefore, toss which fluctuaUon of a 
polarization condition does not have, either and is dapendent on pplarlxatJcn qan constitute a 
very small light amplifier. 
[0011] 

[Example] Hereafter, a drawing explains the example of the optical fiber bop formatipn for 
excitation of the light amplifier which applias this invention to a deftafl, 
[0012] Drawing 1 is the side elevation of the whole used as tiie ii#rt amplifiBr using the optical 
fiber loop formation for excitation which Is tiie example of this invention. It consists of this 
example as amplifier for carrying out optical amplHication of the communication fink H^t With a 
wavelen^h of 1,55 micrometers. 

[GDIS] The optical fiber loop formation 1 for excitation of this example is manufactured as follows. 
The reel of the outer diameter of 6Qmm which attached the dismountable flange, and the product 
made from vndth-of-face Teflon of 8mm is prepared beforehand. After twisting the fiber which 
dc^ed ERUBJYUUMU with a die length of BOm tplJie quartz :rfaas of a core as an optical fiber for 
excitation about 400 times In the condition that there Is almost no tension in the reel, the 
ultraviolet curing mold silicone denaturation epoxy adhesive 2 is applied to a periphery, and 
ultraviolet rays were Irradiated and were stiffened. After hardening, the flange of a res! was 
removed and the fiber was taken out in the state of the bundle. The acquired optical fiber loop 
formation 1 is pasted up with adhesives 2, and the bundle is being fixed. Fusion splicing of the end 
of the optical fiber loop formation 1 h earned out to the optical muHiiplexlng machine 3, and an 
end is siready connected to an optioai Isolator 4. The optical fiber connected with optical fiber 9a 
for a oommunica1:lon link and the excitation light source 5 Is conneoted to the input side of Uie 
optica! multiplexing machine 3. Optical fiber 9b for a communtpatlon link by the eido of outgoing 
radiation is connected to the output of an optical isolator 4. Thus, a light amplifier is constituted 
by the optical fiber loop formation 1 for excitation. 

[0014] It is the communication link light 101 with a wavelength of 1.55 micrometers with the light 
amplifier of the above-mentioned example shown in drawing 1 . Incidence is carried out to optical 
fiber 9a for a communication link, incidence of the light with a wavelength of 1,4S micrometers is 
carried out from the excitation light source 6, and it Is the outgoing radiation communication Hnk 
light ^02. Magnifioation gain was searched for by measuring reinforcement Under the present 
circumstances, fluctuation of an output light acoording sign^ light to a polarization condition was 
measured with the acttnometer 7 by the **** controller 8 (refer to drawing 2 ). Fluctuation of 
magnification gain was O.ldB or less, 

[0015] Furthermore, with the light amplifier of the above-mentioned example, the optical fiber 
loop formation 1 to which the bundle is being fixed with adhesives 2 was contained to the 
temperature adjustable tbermostat 8, as shown In drawing 2 , and iJie thermc-cycle trial at -40 
degrees 0 -SS degrees C was performed- Fluctuation of magnifioation gain was O.SdB or less. 



[0016] For the comparison, the light amplifier of the example of a KJirtparfeon was made as m 
experiment using the optical fiber bop formation for excitation basides application of this 
invention as follows, and the engine performance was evaluated. 

[0017] After twisting ERUBIYUUMU dope quartz glass fiber with a die length t of the same 
property as the above-mentioned example ] of 80m about 400 times in the condition that there is 
almost no tension in the reel made from polypropylene vwth en outer diameter [ of 60mm ], and a 
width pf face of Smm, It considered as instead qf [ of the optical fiber loop formation 1 fpr 
excitation w*iicfi fixed only Uie end fiber to the reel and was ufeed In the Bxample ]. The light 
amprrfier d'ihe example of a oOmparison was constituted like the sxampls except changing the 
optical fiber loop formation for excitation in this way. 

[001 B] Magnification gain was seerehed^fbr for the li^t amplifier of the example of a comparison 
on the game conditions as the case of said example. Consequently, fluctuation of magnrfication 
gain was the same as the case of an example at O.t dB or less. Furthennore, the optical fiber loop 
formation of tiie li^t amplifier of the example of a comparison was contained tp the temperature 
^usftable thermostat 8, and the thermoHjycle trial was performed on the same oondrUons 95 the 
case of said example, Kt was 3.2dB, and fiuctuatlon of the magnification gain of this example of a 
comparison was compared with fluctuation {0.5dB or lees) cf tiie magnification gain of said 
e>tample, and was substantially bad. 
[0019] 

[Effect of the Invention] As mentioned above, as explained to the detail, since the optioal fiber 
loop formation for excitation of the light amplifier of this invention is maintaining the shape of a 
loop formation In free speoe, it produces tiie loss which a lateral pressure is not added and 
originates ui a pdarization dependency, and does not have things. Therefore, the magnifigation 
property extremely stable t the light (amplifier's which used this pptlcai fiber loop formation for 
excitaison ] will be acquli^d. 
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flW-^X^blll.. Kafka etal.twitLK. H 

-^colfei^^- F n 'y ■ f-^ y : -ff 7 r ^ r ■ 

- 2 0 ( ^tim<^mmmt& q m h z ) jo*, (a 
0 M H ^mm ) K^^zmttmmmi^:Wox o t: 

Q0kHz«:t7-fe:"/bJS^A».T\ SV^Srffl 
8 0MHz ffi5TS> -5 s H^IEHJi*? 1 

3n g-cife-^fc, -c-^^^oi.. mmm<mm^< 

<o mmtifi , mw:t ixn^Ktzit'-m . h u :^-t 
tixmmMifz., v-f— 1. 0, 2o*^^^c7:)^-^f-h- 

C O 0 0 7] zmm^<^x^ii. m~':><^m^ 

izx^ "T-mnmrnmisbx^i t-^t-^t c 1 § , 

2 . mmm : 1 3 n s j^^iyi^^^^faco^asc^ti^o 

fc, 1 0 0 P s tim PI Op simh ^^fi^'bimti 

SBtracO a , !i 1 % ( * fcfi 0 . 1 %) L)6»Mffl 
SfLT^3-i.-f\ ^Of?)99% (95. 9%) f± J"*£|ji:i^ 

1000f§tM=Jg?*;tl.. 

[0 0 0 8 3 Kftfka et al.iS, ;ili;>«OftlJiitWELT 

uiutmmmmmm>>zhfz'yxmii^ , m 
-h/mm—f-x$> 0 s 1 G H z cop-if-tt^ <^ 



mn< mi3< hx^mmm-?;itx%^, 
c 0 0 0 9 3 Kii-r^mis-c-s u-i'-ifmsmiz^- 
mmix\'>^^izhmmz=i'^ mm ix^^m 

- h'p V ^ if-<;oFt3f^''f 5 y^^i^^it^'thfz 

t ( 2 ) m^WSS^bt ^ 7°t^^A^fel. „ « 

vans, D.E.apeince, P. Bums, and W.Sibbet; "Dual'^wav 
elength wlfMode-locked Ti:sapphirelasers," Opt.Le 
tt., B. PP.1074-7, Jul.l, 1993; M.R.Jj.de Barros 
and P.C.Becker; "Ti«jo-color synchronously mode-lqck 
ed feffitosecond T:i:sapphire laser," Dpt.L^t, , 18, 
PP.631-3, Apr.l5, 1993; C.R.Dykaar and S.B.Dara 
k;"Stickly pul$ea: two-col or cross-aiode-locked fenit 
csecojid operation of a single Ti:sapphire laser." 
Opt.LeU,, 18. Pp.634-7, Apr. 15, 1993 {JSTDykaar 
et al.t.B&S?) ; Z.Zhang and T.Yagl, "Dual-wavelen 
gth synchronous operation of a mode-^loeked Ti :sapp 
hire laser based on self-spectruia splitting." Dpt. 
Lett., 18, PP.2126-8, Dec. 15, 1993). Ztl^(D^^ 

m mimnm^m) it. -^vvxi^ u oo 

m-tifzmzii^ mcrmmm^j:^^mmmm 

[00 1 03 m^j:R¥mmmmuzm¥mti'^ 
mtizxhii. mmmrnumm-i^xMm 
ii}>bm^xnzti^?)>':^TM. 

v-f-mmmttz^thfzmz, i&mfix\yh 

( hyy^'J"/-?:^ tok-to-ci ock/TM yXr 

) , )-\}vxmwmmv-r ( p o p l d sciffl 

tiiff, 1 0 0 7x A hgf J: "9 i; m^J:'^.^^^^ 
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fit. zmiJ\^ 7'u -y ^yt^mTmurnvh-^x . r 

^ ij^^tj^C^-Xm ( S.P.Dijaili. J.S.Saith, and 
A,Dienes, "Timing synchronization of a pasively mo 
de-1 pelted dye laser using a pulsed optical phase 1 
ac3{ed Joc^" Apr! .Phl3ics,Lett. . 55, pp.418-420.. Ju 
1.1989,mijaili et al.fci&is) tH^^iiXV^ 

t 0 0 1 1 ] i> L t V— f-aw^^iS'^ s y^^'i^'-y 

hh. X'fA - Dykaar etal. 

{Cl3S^^^XTV^4.*>'. T i : -t7 r ^ r ■ l^-if'-© 

^nff)'&Wm\zm\X \^^h^-yJ)Wm tryl^yft^ 

tzi^i/z. ^mmz6^wi&tLtzi^-^-'^-Ai:um ix 
yv&9-m\^xm^yri'-^-. u-^-t^ 

ilzttiit. r.^cou-i'-ii. i^yr 
u-^r-coy^x, i5^rfm^^mctic^x\ Km* 

^Li4\ tzbtz-^<7)]y-^-mxco^m¥fmm<x 

-iZhmM'^mX'h^, bt^L^jiUfih. Dykaar et al. 

mm±-'^(r>u~-^-^-'miz-a ^ ^-rs 

0 . :^mmmk-t?> t z bximt t < ^cv^c i tz 
mm^^xm. ^^mhn. zmmmtim^x 

X ■■ V-^^-ff^lL-^m -yTU y^%tlfzV--f-~il^^ 

yfnjvm.. -y r u y^^^a UT- 

[00 12] 

[^BJA«L J: 3 t-tmmi 3ts^3gcD-00S*tl 

x^izhmR-^tLt-^y^ y9-^<jvT<Dmwmmt 



m^^hX'hh. ctat. z.^<nv~'f-W[xm^ 

t^^%<'m^titxo\,z^ mMm<^\^<':>ti-<n^^ 
4 y^-fiMzbiZ'^x. m'^'mt\m^j:'omm 

teStSt ( ^ f ^ 7 r >f ) t S C: t L v% 

[0 0 1 3 J *iiBacoi ^-o£oaw<i, ^sij^^iT) 

m-c^mmn-mm^mnLx . m^^yr 
y— r-T^yey^^s^sidt. mt^y— 

[0014] ifwrn^ h^zi,o --:>mmu. am 
^■mhxifx^sm.ii^<^'^i^m^fihxoi<z. 

-HWitmrhztxhh, mm. --mv-^- 

-r^iis^ssgcoi^ y -x^si i,Tgiii!ov->!f- ( mm 

X y-7V-if " ) (o^OSljiA/uxfcJ; o tll^>tLS 
AVPxy-^-yy^Cj^tS^Sffl^&IS^ ( U 

[00 15] 

rAfc^WC mt\m2 (a) tcS1-J:5l3iStXfc- 
M-soRfl^Sr^^-o^x^'-y-Hf-i 1 oijj:iX;?.y 
-7y-if'-i 2 0(?}Z'3i?)y-if-*>^>ffljSSfL-cv> 

^X:?-y~^f-l 1 0fcJ;U=":^y-7y-t'^l 

2 0 A»^>(?)AVPxm*U. SV'i&MLT^fc^atl. 

io-^.^i.^-v— r-1 1 oa. -^i^Kffi^i'] tea 

^v§-:^t\ ;?,v--7.y-if-i 2.O0KffiM«v2 
tJ. TX^-y-t'-l 1 G<?)K^S¥«Offi£&iSIS (r 

3 0 H z *^Jo 1 k H z a T'(^lifflcO J m^XXV^ 
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7V— if- 1 2 OcO^^e^ ^-M iLi) i^thZ 

nrnv'-r ( p L L ) m^^'km^ ^vv\3o 
\z-^ 0 . vx^- wif- 1 1 osoKm^z^h^xm. 
ms:\^ mm^iix\ ^ t . -^x^-v-i?-'- 1 1 o :t x 

_7V_4j'„ 1 2 oc?3xy F s t°xyw ( p z 

T) 12 1 i/zmwi. mm.iE^-^m 1 4oii->(,^& 
m<omm^^ ( p zt^) epjirri. ; t tcJ; 0 , ^11 

— 1 2 0<^liE^j5><) ^X;5?-k-f- 1 1 0 izM. 

c 0 0 1 6 ] 32 ( b ) mmmm\mLxm.. ^ 

cryMmxW^X9-U-^~ 11 0 i P ZT 1 1 1 Sr 

gst-cvrc, mu—f-i 10, 12 o-mizpzr 

111. 1 2 1 O'f tL'mMffllStil.xy K s 7- 
Sr^ttl-*!.. VX:?-L/-^f-l 10 

t^mMmrcm^^^tixm. xu—z^-r- 

1 2 Oid:-?XrJ?-W— 1 1 Of?) ^ 

Ji^ie ( LTUI.. lOO 

*^>tlT*J , ^^tli^--/ b 1 3 Oji^^-7V-f 

- 1 2 0 sma^o¥^«^^3iW;si»t'c^^§, 

fc^#t=Stv^?t*^.tc, PLLlsli^«^li<i2:l!iffiJi:iSi: 

^momi-it^mm^i>~-mtix. ^.v-^v 
"if- 1 2 ^<7)'Pzi\,znvxT^mm.it <^%w& 

[00 18] 

[litn AL (t ) =ALb -Sq (fs t) 

i^T, A Lo \immmm^<n'm^m. sq 
I., 

[0019] 

[iC2] AI/--CAL/ (2L2 ) 



Av/!^=-AL/L 
10 0 2 0] 

cms] fj »Av 

tfzM 

fs »c AL/ (2LM 

[0021] 
[iC4 ] 

2 t 

T*Ct)« — ; ALCt')dt' 

c Ti 0 

2 t 

X.ct)=! — — J- AL<t')iit' 
L 0 

[0 02.2] cii:S^^W3te^ST'l)0. 

i!g^ii(?)ij&>T< txB D . i^Eir{± 1 k H z (nmm? 

r^iDk— f -^0 a ^-OtfO P Z T {zimtiix ^ , 
03 (a) - (c) tc^S^iTV^^MMS. 
\JZ\^h^^ br 5 >y A L ft) 43 i?/^ 

m^k \.x^x.mnmmccT^Km. mm 

mWMlfT^ u—r^l^-f - 1 2 0 c7)P z TlcEPSn^fiS 

nmmLxwB\zmmzmLhx\^h. -&fttsigH 
y). mmmmmsizmi. 

[002 3] 

[ft5l T„,,= (AL/'2L) ■ (1/f. > 
T„^,= (Ai//2t/) • ( l/f, ) 

^^{i. { s m/ s u mm'<^<nw e t>zx 0 

[0024 3 

me] R,„„=2AL^/c 

Rsoan=AL/L 

h^mm^xm^ coizm¥j:mix\ 

:Rs„„=1D5 AL/L (ps/ms) 
[0025] 

mi} =2AL/c 
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10026] 

Ci:8] i'3,,„= (2AL(t))/'Tn = {hUt)) 

/L ■ c 

5i, iA^S { 7 'J- ■ x^^y ) v-^^--{ciS fca 

W'^^\^T^-m^L=l. 5mfOW-r 

hmm. Rs„n^lO* ps/ms. :fcj;l/^tg = 

1 0 0 f s*w^ vxnhti^, h L=^^tT >f 

1 OMHz ix— fL=l 5m) 



f, > 1 k H z «^jf iSiC*^^£^ST■^il) . 
[0027] ^l~3a±, lOMHz, lOOMH 
z . io itN" 1 G H z u ^ i-^ie- F n 5^ 

±mziiv^xh-~f}V ■ ^t-i?:tyt^^tx\^izt 

[00.28] 



f.CBz) 


(.fim) 




(ps/ias) 


Cf o 




(ps) 


iO 


0.15 




10 


1 


3 


50 


10 


L50 


10 


100 


10 


30 


500 


10 


15.00 ! 


100 


1000 


,100 


300 


5000 


100 


0.1S 


1 


10 


1 


3 


5 


m 


1,50 


10 


100 


10 


30 


50 


m 


15.00 


100 


1000 


100 


300 


500 


lOOtt 


0,15 


1 


10 


1 


3 


0.5 


IDOO 


1,50 


10 


100 


10 


30 


5 


logo 


. 15.00 


100 


1000 


100 


300 


50 
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(fs) 



Cd/s) 



m 

f.(fiz) 




A V (.&?.-) 


(ps/BS) 


y^} K 

(fs) 


mm 


CPS) 


0.1 


0.15 




1000 


1 


300 




0.1 


1.50 


10 


10,000 


10 


3000 






0.15 


1 


1000 


1 


300 


500 




l.SC 


10 


10.000 


10 


mo 




1 


15.00 


100 


100,000 


lOQ 


30,000 




10 


0. 15 


1 


lOOfl 


1 


300 




10 


LSS 


10 


10.000 


10 


3000 


soo 


10 


15.00 


100 


m,m 


100 


^.000 


* 


100 


0.1$ 


1 


1000 


1 


300 


s 


100 


1.50 


10 


10.000 


10 


3000 


go 


100 


15.00 


100 


180,000 


m 


30.000 


soo 



[ 0 0 3 1 ] a : mS'PiO* h^^J^ ■ ^f^t 

B3 (b) fcj:t/"03 (c) ii, m'mmznt 



if) *>'mau\ ^svni, m (c) 
wmm^mzmiLti^m. mm^m 
mi. mmw^u^mizhm^^mm^izmmixm 
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mkfim-^\^^zmx. immmx^zTtmi 

[ 0 0 3 3 ] a 1 -3 ffiW^S^^f^^-^'Hi. P 

x!hb 0 , m^,zimthmi>im}:. \jx%mm.^ 

I 0 034] 

[19] AL(t) =AL(, • cos (27rf3t) 

[0035] 

[mi 0] 

Ti)(t) = ( AL,/L) • ( l/2jrfj) ■ sin 

(2Kf,t) 

vxyf)i.o\,z\.xmmm. {m'm mt^, m 
u, pzTmmmixnwmtiit9omiz^j:i. c 

,[ 0 0 .3 6 3 <ICiCiESISat^^-&>'-i?--^SS«ii 

-M<^f:~¥a"/i' ■ 77^j'<'-U'-V'-mmLxm 

?^;^^-7'l'-if- 2 2 0 *mLTV>6*%BjoifiFi: 

[00 37] MV-f - 2 10. 2 2 0 li, m^V-^ 
-^^tT-HLD 2 0 5iZj:'5T;ffyty^§nT33 
)9 ^ jsjj^-f-y^ F^OA-y-ttxr U V S P 
L2 0 6ttJ; V 
;^^'-w-r-2 1 m. 7r5T-[a» (li^fell.) 

S^-FRM 2 15fcJ:oT^Sf|*^fife$^ltV>4. 

--H. x^-rw-r-2 2 0t4, j^^r*y:/UPz 

T-FRM 2 2 5tCj;-:>'CSIIg*«§n.TV^|.. i 
ttiiFRM 2 1 5ii3l3'fRltT|)^^, 57-*spz 
T±t;ffi 0#ft <?ix-r V ^ '^X\^h. Z--o<rr7 
r-^/N'-U'-i?'-2 10, 2 2 0ii. |Hl-cO^£-K|i|S! 

{tt£h%Wmk/A, A/2. .7T5T-II1 
Ik^ F R , J3 i yii*t:-jU xr 'J -y 5- P B S ) 

LTV^I., U-'T-* -f'lalffld:. I&WCIIS 
Att J: ->X&ZiXh . MV-f*- 2 10, 2 2 0 «D« 



>f3j-— KPD-l , PD-2J;':)TTOSii-i!. W7:r 

t0 038] M7r-f^'?-P-if-2 1 0. 2 2 0{i, 
=4. 6 2 9MHztf5&t^R^^t»'?TV»l., C 
tUoti, 7T-V>'^(!0«( M.E.Terraan, L.M.Yang. 

M.lv. Stock, and K. J.Andrejco, "Enviromentally stab 
le Kerr-lype mode-locked erbium fiber lazer produc 
ing 360-fs pulses." Opt. Lett., 10, pp. 43-5, Jan. 19 
94) tl8*mXH5. l^j^iStli, ^-Kiimfi: 

\.xmm%m.^ti^i^^> (npe) immt. 

X'^^h. m^-'f^Z 10, 2 2 7 r ^r-Hlte 

n~<r)m3mm'^x\^h , 

t>-h. v;^^''-k'-f-2 1 0{±, i/>'i/;I/A".y^r->i^ 
<?)7r7T-!IIK^S 7-FRM 2 1 5T»&m 
SofLTVi^, X^-7V-if-2 2 0«i. FRM 
i: ii|-'C{4i5 1. !&^' 5 7 -A^'P Z T±C|X 0 f'tft ^>^tt >^ ^ 
S^MiiL!^S«J^cg^Tfe-& T-feyT-'J -P 2 T- F RM 

tit V P z T!4. 0 5 ^' a y^i^sor 

||>-if-2 1 0, 2 2 0l±. %^yrA)^-7. 

r-iv 28 0 i>z-m^zm m i^ii^^.t^zj;:*). 

i5Xr/mmiZ;f;^yTU y^^S^lTV^S (|5]-m?tffi 
tchX^^^ ) . -rt')3 Ml^— 'f-2 10, 220 
lii t>-Ky7V—9^"-^M K LD 2 0 5 IZX 

t'-Ky t°i/ ^^stiT s (ox\ ^^iDu-i'-ncn^y 
7v>fxu^a@gLtvis, iiifw-f-210. 22011 
cow^ita^^^^r^yis^tt. PLLii^sr^tf^^iiia 

1 3 0 mWi LW.i/-f-'- 2 1 0, 220 *i®IE^rlii 
m^^ti6b. Mm^^Xot^zxu-yv-^'-l 

1 3 SicJ; D raaSii, PZT&«tl.fcto 
.(SDIi^Sr^flfetS/ci^tc, 1 3 0:i^^>o^^i!;fi 
^ffi:)?fc:i!lPx^>a-&. $itm. ^^^13 0<^»^ 

mm^Bxrmmimmt'ttA--^\-^^s:7izi 

X. 's^mi3ot^kmmim^%^^^xi>M\^, v> 

■ftl<7)U--f- 210, 2 2 0 t , fc'T ^ -^i^ffl 

tarn St^{=W>r.M=Sro!t^##14SrJ* -^TVM, . 

mtix\^h iNVEmmh) ^mm^^mi 
x% i> , '^mtm 1 3 Q^<n,x-hmm^ 7 1 ^ y 

>f^-KPD-l. PP-2fcJ;-7t^ffi$#lc0i4:. i 

mt--^£m}^-^xm, ■Mm.m^i 3 o>\c?)A:f3 
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[00 39] sEmmmmjmi±. ^(nvA r a j^- 
-21 0, 220 mmwmm < ox a y 

6 H z . ^4ffiH2 0 0 \:amzmh^%mmmu 
2 10, 2 2ora«otii:ffiM^#€r. asij^K^x v^ 

2 1 0, 2 2 0*>^>^0A7l/XS:, ^m»IS!fii-t=Sr*5*)< 
-^ys-y^'A ■ ^.P-h (BBO) i^Sl^TfO-^lfJS^ 

[0040] .^Sc?)We*l^rM?E Vm, ^aVA) 

^ ) co'i^T-figffl $ fill , L*-- t2r*^'i^> . ws^m-wm 

a 5 Kii, P Z T$IJPtltOT:§fLr V^l, jE!S«ffi 

mmM\t^ ^SMiSiSC 1 0 0 H z T|^2 0 0 b-3 
I. . tfi\%. KW^ 1 0 0 H zTi^ 3 c miOija 
6^^a®h#fi-CBS. t/4>L. ii07'^ y^-- r-i^ 

2 2 0 « P Z f J/C<?) 2- 3 3 ^'ny!^fttii**-tC i: 

[0041] ii^fflsiara^fi:, z:oi?3^-if-2 1 
0 , 2 2 0 n<n^A s y^i^'-x ^-mttfhtzy^m. 

Kfi> "^i^xmk^ 0 aitl¥$ 2 m mciD^'^ n y ^ 

fiSo!^n}V7.m%. m5^<r)^±xmmz'm^% 

H^-Kizjf at S c: i: i -^^T^S ti/s r < M= 



mi±l^^^'m~^~'^zh'0 . ttz-^'ryA YJVVX 
14.2-3 tf 3#tlt^ yA';VX*'^>«lT#i£LTV^ 
Lsts&SoTs RMS^.^ Sy-^i^-y^'-ii. ±2 0 

ifi. im^l 0 6Hz"C<?>#V-if-2 10, 2 2 Oi?) 

n^mmmwmfimLx^^^. z.m\M^fi 

tz'J^vf-\i. gyt^l 3 0W«=F«PLL|l]IScO«E 

tt, m^Xfh^<^hztifT^h. -etr, ^Jtifv 

— r^i;l/X Srx^'nyt:®^-; i: J; D . i Lg^^r:S' 
-f 5 y^'V -ovx^w^ hiih <r>xhm. . imnw^<^f^ 
^^^-^l.him.^z^h Z k ifiX% I) . Z<n^ol,z 
bX , P-iF-fci:fc ^^<^y -y ^^m hi, . 

[0042] -y ir-y ( 3 • A-.y ^r-yy/) 

?tLJt«mfo^-»f-i^^fflj4. %±xhh, mtt:* 
fg^Mici i'jffl^'^it ^.iiTtifel; ^ a t <^vif aT;v 

0 . S U-if- 1 j; -7T ;Ky t y fit v ^fc , ^ 
^^Sr jgffl LT i . P Z TW#i)|g.lS<^4 0 S ^' P y 

yu^i'^ifi'7xif^u-'f-mmix\>^tz0i,t. h 

•ftHzSO-mmth-^ti. Z<r> ( 5X?-yf-*M0S 

^r,ymii)mx\ mihy-y^y^) 

MHz l^-- f -C^-^<55lir<?)^ ^ t'^ -;^«0 S 
■yf-iOh-y 7 h{4, :k^0PZTmmmX'h^4 O 

h^^y^mmixLt'yf:^, 

iDT. iE^^:Si^^^coTrPZT(:J;S 4 0 s ^'oy 
«iMf^(''^^ ^ -fti^ S x^ .y 

x^^^zti:mtx^^^. mm V u 7 h commm 
mtmmmm^zxmi. z-:>mv^^-2 10,2 

2 0<?)^Offi^!tW^M^F 'J7 Ml:, -^i?)U-t- 
fOi^W* K y 7 h CD 7 1 3 V ^ ^ i: ^^^36' 

I., fflMmHy7h<i, Wl^k.XZ-^(n\^--^-t% 

\zn~mhzt^zx ^ . s h^z>h% < mti ziifi 
T%h. zfiii. Mv— f'-2io. 22Qffymmn 
-co p z T " F R M r -fe y 7" y rffM-ri. ^ 1 1 J; ^ 

*\ *3tifflP-if- 2 10, 22 OWUffi^i^-iOF 
RMA".y^r-~;fmL, XV-7^— r-2 2 OCO^ 
■^fcT'f-;S5r7r>f^N'- ■ XM^yf-^~TKKt-$ 
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[0044] mnmf' a s y 7 h 

ttfi^K^fcSTaUc ( H.A.Haus and A.Mecozzi. " 
Noise of mode-locked lasers," IEEE J. Quantuu Elect 
ron.. QE-29, pp. 983-996., March 0993) , MSfW^\t 

[004 5] ^-l^n-y^l/— r-(7)xyFS7-&il 

y vmihvm^'c. m.wm.\zmhmmmm 
%%mi\h. ^xTvAy^yv^imM. ^mm. 

A y^yh^'oi^oiza^s.y-^pzTm^^h 
; t {= cfc o ^j^ft s , ^y h m<^mii . p 

Z T S 7-!^ t'"i*tei;Alf ( t°-i. -^xAxh - A 
l/--tf-t;.*3V^t:, ii?)tr>'>3'i'tL{4, ,7r'^y'\-i^i;; 

A V ■ 7t-:^'yy^^) li. mtKttX^ZtTht, 

t-^iom ( ;3 y p< - ^ 3 y ) mm^^mi^zi o . 
m^ymtimw^mtiztt^T^^. mi 
if, hiAo^i^tjyff^mmm'OPZTmmt 

/Zr ) i(T)m^i5iiX^ 1 O-^-CSiSt v^acDfi^^iSrO 

<7ymz^ B>-Af§(6]tt C^-f >-T-f ^0^^ 

[00471 WBUmcnV—f-iyXTJ-.h LT, n- 
^ F E M t'ias I— ^f-i^'S^^m^ fix V^T i < . 



t f 7^ ^ -^if' P Z T7 T A'- ■ X 7 f-^ 

iSf tfxy-fe 7 5 -y ^'^i-y ■ 7 if ^jlX- ^' P i t 
4 0X18X1) ti. F'f7«l^X'/^;^fX.y^?j*3^: 

[0048] [ ^S'^ § vmiEl P L LjHll&^^tl 1 3 

1 0 0 7 X A Y^mmmmmm^i h -^^a s y 

m'^X. T-^'mi^:^ N 5 0 *^3iIEt b u^-^ 

mctt^m^nx^^^cbmmxhi, c<dx o 
mmt. B B o<D^ 0 ^^4mmmx<^4mm^ 
^^i^yrmmtx\^mM.=Fwm^^nhixh . z 

<DXd^j:Ztit. W^(^%M^'"ift>flXi3'0. Kafka 
et ^l.cr,X^^j:^cr>i%(r)Xl<zX':>XhrfhtlX\-^^, ^ 

mm^tzmzi^'mxhiz 1 0^$fix\^i. 
[0049] L^mifi^. ztinm^f^xm-^x 

X'mt-ti>i>&^vx'm<. ^ju<o^x-^ih 

--nit h u;^ u yi^m^xh o , ffe^uB^r^ 

iwmmf^hcnmijkzii^^x) -mti:mmx' 
m-wx^yvmxh. m.A y^-i'ovmu.-th 
ztm-^^. z0x^hz-fm. mmA^jvm 
^kzmhmiA yf~j^ii'm-f \.x. 5 ym 

C 0 0 5 0 ] l^A% yi^7.*r-mm^ 'm:^'r- 
ivmsxnWji^-rAyYM. ^A^y^Wk^% 

^'^^^<Ty\zmmfh cfc 0 \>z. -mmmmmt z 

bXhh. ff* tV^SJgW=iav^T}±, H6 (a) ~ 

(ta) Ec^^-Ti^fc. m.<nn}vx(nmmmyz-m 

\,zm:f % I a , %mzm ( 7 ^ -b ) 7 r 7' U 
(F P) X:J'p.yi»(i>:tA7i^XSrESt-ri.Ci:iC 

zmP:£-^xiy\t ^i3 9iimi t LTfigMSiitSS 

0, ^<r>^xmp-L9xiy ^■t^j:h%-m\z'm^£x 
h . z zxmj\.h%wmi^m^t.x^ *) , mm 

[005 1] -m LT-OfiOS 9~3ti^'?>^^R=9 8 

%(Dmim(0FPx-^t3yi:mBtt:tttt. ^(om 
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mmti. m^if^^-^^umit. as (a) ts-ria 
m^tifz^ ^ivm teii , ^ vvx^m ^ y K >• u T 

Xi? pyfcAWt^/^il^XWb^-C 2 5 0 0^^ 1 fcP 

[00523 MP tj It^ia 1 ott. mi^mJ^ji^n^ 

9 8 %Xh 0 5 7 ~<rmmm l mmiO^UgfCxr ^ 
-y T^?5 ^ I, F P X n y 4:® L-r jifi S ^l^^^ >VL'X5il 

wmm-m-^. ppx^^oy^ffiti-itt^io 

1 0 0 5 3 ] 

1^1 n T,„ ( 1 i^vix) X (6. yen 

mil (a) K^^tr-.^-tt. f-WStiJ^^J:-}}:, ^ 

I, 

I 0 0 5 4 1 mWzJVl-xmi. 118 ( b ) iZ^i- 

x 0 iz, m^ommmx'h ^yvvx3:^jv^-<D±^ 

( t^:^*! 9 8 % ) & t ^T' V ^ I* y r h ^ ^7^X IZ X 

-yxm^yix^^iztmrn. mm^ufz^vuxmn 
mx^.^mx. \i<nx^^£mm:m^mkm 

kz%j\%mxhh. z<ryTxiyrYmvx^mi.. 7'o 
yryn}vxmmzm<)-^ivm\mm.(ni 5 0 oil 
X'hhZt^WB.'^f\:tz\^. UhLm^-^. 
/^';^x?fl^4ttffl^^^•t !> ^ t i±=5rv L.*> L^)&s h . 

E 0 0 5 53 hhhk. »»Ssoffi:V^xi?oyS:tfflt- 



9vy\^immsm\,ztii->xh%.^ . mm. mm^nu. 

St$!&^ R = 3 0 ^ p y Srffiffl^l. k . #^ ^vi^x^f 
EwiOAVVx J: 1 1 o^£0 1 jcp<^'PTiii!t=^ 

if ^y.i^'Tfei.iot% u r.iv^ A i^mmzxxfz^fz 

{00561 ^t:>m<fmm^\t^ FPx^qy.i?)il 

ij >yTOJ: ^ !Sc) jIi^x^DVi^i^jf. lii^TiagL 

iti&ioi:^Pi*5|E< .{^J/jS-2 0e3#) X'^m. 
^zmW^^P PtijMS ; t Jb^-C-^ h Xhh 0 , ^cOfM. 

[0057] JtlBF PX^'uyli . W .( V ij V Y ) X 

iim^m.. (xTx^-xK) t"t>«^?5rv^, y y >/ h • 
:L^xjy\i%>^txz\tzx:-^yn';; vxhhifi^ xr 
x^-xH • x^'nyiiHS^IIT'AVPXiOiSj&^O ^l 

y&^LT^i![iii<^5>^y F h y ^^rtlx 
x],zmihmxhh. mmmhtdbmt. x^'o 
y<rim.mmti>zi:m^xhh, mm. m'rti 

iy^)i^(ry-'mm&lxmzhmM^ {^'iV^r-'r< 

) ^m%immm. wm^zt. i / 1 ~ i o-^r 
1 m ( 6-^y#) t^efflf^*§?is^^fc 

ii, X:? n y<o?flJS{i 1 'Cm^X-'mzt^% Xhh . 
xr;^'^-xF -x^^pym, mS«l5t#{t3S{t& 

m\rcmm%h^x^\mhh. Ltctfi-^x. vu 
K - x^* nyc?)^aKjS«m^ts i: t m'% . im 

[0058] ^(5Dffifciillti^tg^i.c^fc LTii. 01 
2(a) t^^^l-i d . 3t7 A'~3 0 0 ±iCfM§ 

ffl-tl.^>^?)^&^^^, Zflh^m-3 1 Oii. 
-StciAVk;:^ . 'y~-iry:^m:tXoi>zmmhZb 

zm^\,z\i, ^ {x^^pyif) \t-m 

m\<z±%is:,'^}^x-ff^^h mmw-£ uv-^-) j ^ 
hhK. 7t^a:-3 0 mxhum-mmsz^z 



(15) 



0-9661 0 



{00 591 ^<7)3x. hl7T^J<-3 0QCDmS:i 
JVVXim&th j: 0 iz Lfz V ^cox^tii^. 7 y ^ A'- 

3 0 ommmmm ( g vd ) -yxj-^iu:^m 

^->X It a 0 ^•i'e, iiii-r^t 7 r >f 3 0 0(0 

-7°«^V ^fS^ ■t1*Si!f'tMfWi5A<^ 2 n 

yW^f^'MTh '¥m.^Q 0 0 n m(0 1 0 0 7 X 
J^ hlP^Vl'Xl:^. ^imm (FWHM) mm^8nm 

Thh, ^Lx'mi5 0 0 nmrtt. ^m^m3 0 
fafti^mi<zjs^^^mmi:^->xi^i « 

[ D 0 6 0 ] f - - 7°ffi^ ^ 7 X A h ^"i^EM-' 

^li. ^fL/i=i73Avi/^g#*W'5T*j l3*^o^•^-7■ 
^^^•CV5|.^i:A^So^.^^tv>l>. oi^oii^idi, mi 2 

ff)Z^<oi-^-rWfs 2 0, 33 opf><nJVi':^^m 

fi, 4^t;t^-^'-7W-i^-^>XC F G S 3 2 

0A>(=>^§^, m^^xm\in^&^z^^^~rzivtz^Ib 

^}:^-'^'f-i'-rm-3 l 0/v^^,R«'5ill.i:V^^M 

( -t^i^^pC F G<OiJ:t C F G SmTm^flt 
BS 34 0(~J:I5. S7!Sl/4MmQWP 350 

[006 1 ] !l<^mmi. ^fW<i-:^j(!:^m^Xhyr 
A } s;.-p^ t^f-^-7v NVi-xtiiifcjCffl.^ iix^rii t sR 

tf>TV^S ( A.Galvanauskas, M.E-Ferniann. LSugdm, 
andBennlon, "All-fiber femtosecond pulse anplifica 
tlon circuit using chirped Bragg gratings." Appl.P 

hys.Lett,, 66, pp. 1053-5, Feb. 27, 1995 ) . t*^t 

)i'xmm<^fzmz^jij),xi:im^zM:mm.mm ( > 3 

0 0 v^m izmwiittz^b . ^ ixm-fvi-xi 
msm-titi^t^z. -Miom-mhtixi>^t. * 
wnxii. ^-r~7'^tix^m^m^m^'^>ux^t^ 

- ht^COmmU ( - 1 nm) i^T-+^Xht<^X^ 
tfi. yrA ><'-(r)m.mW^h)-^iVXkzn\.X7 r A 

) <^<oGv D t mM-tmmm^\ ^<^A>^t& xh h 

1 f}-ht\-^dm^x. i-^'~7°^i-mm^tLX\>i>, 

i ^T. ^mn(OZ.<^MMX'<r>EmitWV\^:^(r)i^'-'>- 



[006 2] z'^co7t-<a'"|§^{s. m^iz^miz 

hm-^m7T^J<-FP:cfnymmi-lfzMz 

z hifxtm-mzmmKhxh^ a » 
{0063] mvxmx. ^m\z^m:ht^M., mm 

y-itx^xhtfc. mmmht. ^-<7)jvux 
'-5S'-^itK#5fc4ft6Dr/p:^u xj>,mxizwm^ti 

T^r^§ ( V.Narayan et al., "Design of siultiiairror 

structure for hig-frequency bursts and codes of ul 
trashort pulses," IEEE J. Quantum Electron.QE-30, p 
p. 1671-1680. July 1994 .) . ^-^<O^VVXpi,/VPX 

[0064] m^zrvif^Ati z b ^JV>X 
mi. ^vvxi^x-^^yf'msmi (DDL) tcv- 

rJVV-X^mt^b^z J:-oX^sSX^ S . Mz^h 

//. uj^im^io^mjK<^j^)}^xfBm<o!^xmm% 

& . ^±,ff)mii. «■ 1 0 0 -2 0 0 f ngfT 

jbs. jvv:^mm^zti^ ovK htpxh±^ < a 
bt&t., mmi,zjz^:^j:^^miz-^x^ . mtfUzn 

[006 5] w.m^ 1 5 50 nmmm^mm ( 3 

0 M H z lyT ) (0 f ^IB^^'jcT)^ . 

ifmtts\^h\^^^£imxnhMX'hbo mi 

7r7'*y^n- • x^'oy. 7t-^a— y\VI/ 

xi^x-A'-. ^-offi) , Lcoiv^yimmiXhm 
x\ ^v-^^^)vx^z-^\^xyy>fy-ft^ z k twm 
Ath^bifmxh^, ztiii. smuzt^v-r- 
XU2 0 0 i-ymi^zmzix^y^ ^ , t-y^^'fe j; 
ixaAja. AO (^f#jte^) t^-7Ti>Eo immt 
m) x%->xi>. mmm<o^^A -yi^x-m^ 

E 0 0 6 6 ] tzf^L. mcomma. mmixsh"y=y^ 

tf^i^mmztX^-^A TX^fifzU^f-1?' 

^ nz , M-^i^-i'-ij^h mmm^ m 
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-jximth^^iy^^mmmm^mthz ticj; 

^£im, 1 mmc?)ftMa*J^:«J¥T{J 2 -SM^^wy 
^-r-i'g y&4t, ^coy i?-r>-v3 y*;J: 0. 

{ 0 0 6 8] immmmmi mmmmif^.^ 
vx . wi(^u^i^jvv:^bmsmm^ ztm^ 

mm. (SHG) . mmmmm±. mm&m. vRum 
fiii,(ox'ii^\\ wmmm<^m^o^jMRh ix 

I. zti\immm^^tLxLpmx^-^j:\^, -e 

I. hmmzh^-^xii. sHG^B^cDtffltcj;-5t# 
mmmm':>mz^mj mtirixum^hiz 

t~¥iwm (TWAs ) ^mmmm^^^mmtf:!:! 
-K^r^^^y^s ■ 7t h^^-f^-Ki>i.v^iisEE 

it^<S)S, mjf, TWA=5ri:'!i, 
(TWA) ^B'^ 
f^DT>^'^.X(7):llI^XB§ra ( >j;ifA-y-^^i.) IzX 

^xmh, TWAr^um. lo-^yi^rymm 
X'mmwmxtmiiK'^hzbm>'>x\^L, z<n 



^y'/'mwzhtn.-'<ri'mx:\±t£.\'^^ m 

^ i: t= J; oT 4) * /S. JVVT.^^ S y 

1 0 0 691 zfi^t^f^ ^yfwsm^i. 

^ Z \zW<^ hfifz J^T- Afcltic 54111 h 

^i.^j^mm:mimm\.x\-^mn(r)7m'y:^ 
mx'^^tmwtx\^s>, ^<^-mt 
LTu, m^-'i liz^-^tlX^^^mlE9'-^'-m 

"rMpmmtif:!, ^(DA^^-t-i/zimm&m 

SIl l (a) t:*-r^S#tt}i. 

i<ziEm.mzmi^ti. i^i^t^;, i^iewj> 

s yi^mizx '^xB-mm^ximm^^'^mmo 

yx^f yHzwmmhcoT. i^^izfbm^^t^ 
r^-^mrCh-yXi.iz^^xi^^ 5y/mM&±t 
dh. ^mi.'^-^^)P-r^:m'oX. r^^^i^j 

b r ^ s X V f - A L t -fe' a rm»-r s z t mm 

7 >f --T^VN'-y 01 3 3 (c, 

-f^i^mimPD - 1 , P D - 2 fcJ: oTlS^^n. 

l?&c^fiti™/i^-r (PLL) mm^mt. Pi 

mi^zWrnLtzlDlz. ^coJ;^^:PLLS^'ft;^;^T^ 
tTl<zmMiiX^'0 . 2 0^amX'C0& 

iK^-^ s.yy'mmx^5'k^=imMcr,RMst,z. ro(07 

imAmizx^ijiDTh'^x. mmmmmm 

^izx-:>x!,iiy3^j^vfmriztx'^j:mnco 
mmmm^zmttttxn. mwmx\m\ z(o 
mm^ 0 > zzrmmi^^^ tymmmt. m 

kLXimThi>. 

10 0 7 1 ] ai m i\^mmhhx. 
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1 3o^^ti]y~i'~^mmm'yy^T2:>(omm^j:m, 

131, 13 2, fi[ffii|tii^l3 3. 7^;^^'-13 
4 , i:i€EI6±SI 1 3 5, Ty7° 1 3 6 , IfiSS^ 
H 1 4 OtJ j;tf^3raSmi 3 7 ^^^t'Ul,, JVU:^Ty 
y (PA) 4 3 0, 44 084, ftl^hmtii^P^- 
1, PE)-25&>^><D^^^/L'X!i3:bS'^itl5tS, 
T>'r4 3 0,44 0?4, CilJ^(55gttlR^fc^A°;^ 

xs:tMiiLT. ^yfmmmTD 1 3 1 .■ 13 
2 t:^^imai;'Jtl>, 5 y/#sMTD 1 3 
1,13 2 J*. 3 3fcA:^.§it 

ryrii, 1-1 ov«^iEHiOA:ftfi-ftii5tos.;^^, ^ 
^licttML/c 0-150 V£^KHc7)tli:?] * , P 

1 3 omzm-^Lx it^^t it'# . ^co 
Ta> PLLc?)7t^^><;offi^^misi 3 314, mm^^R 

^'-(TAc) mmmi33tixmixi>S: 

S;Df#I.AM*^feFM'\(?D^^ (ayA'-i/'gy) t 

<n%mif^^ ^y-fmrn^^h-M^^ivx \.t.o<^xh 

^tmt. 3er-^:t-HPD-l, PD-2[Cj;^^ 

.y/#jfi^g 1 3 1 . 1 3 2 iCc!; 0 . Si^tsff 3 i 

$)l.^ffT«^- F|5iaj#«&«w. k-f-c^$)l,ai 
<mi^iix V >^ . 0 s 1 3 0 *ff^tl.# 

[00 73] ^£{b^^TAi7)ffi*g1iJ: 0 t^l^^iC 

iPHi. 7t-:>fc3 OHzC?)f=M^PLL[gg&S:ffifflL 
^^c?)tffl& 3 0 H z-b-^my^ H zi'^l. t T«0«H 



S t V ^ 5 f IJji^^S) S , 3 0 H 2 

vmihtLt)\z\t. -'n<riv-^~<m^<nwm^ A 
(is m\izwm.fmm>ifm:mi^xm.%Kh , 

--pf7)^--f-SrM< fc 'km}>z-fhh<r>Xhh. 

10 0 74 3 ^'^Mzm.mti^y -f ^'M-t 

^ , ^ t I. , P 

-^'fit^. ^^^1 3ofc7^-KA"'y^'-ri.mi{i 

■!f-.^|J;3yj:!!>:5'yhfc^SttV^|><?)T, Dykaar etal. 

[0075] mm'^-m.iE&i^7.9Ui. ^< cojst 
mmmmw^m'mv-^-m'^x^-^i , 

k DWt. ^BT-i. (A-'T^ y/- Srifo 

ixh\miy)±^<t!:nmft^h^j:\K ^mi. * 
%m^zi^fiM. ^%^mihLh i,xtmmmm% 
mmx'ht. Li)>im^mmx\i.. ioohzti 
-fy# (10 07 ^-vnw) <^m.-^Lmon>^£ 

^siiH*^iisrr# , mufs m h z £^7 r >r 
f-'--c*5j 5 0 1' 3#3t)^ 2 0 0 ^ y i Ti0S!H 

X'^m:ffimiXSy h, ^r^SKffl SrS^i^^ 

Si^Xr At'jtfiKI-l) 2 0 0 7 - h<?)Mm?&^ 

kz. xnx\-^mmm (T^-r^-^^i?;^) ^^j^c*^ 
i,z%mM<^v^^^mmhmi;>ti;S'\ 

[ 0 0 7 6 ] ^ ^>{i:, 5 y ^ VJ/' 

i.±-c*fflt'fci.. fij-isf, i7xi.h#*?imi®* 

iBlg&ft^'li^lEffl*'^TH - 2 0 0 

108 cnnm^i-^^y^lyyifm^hti-^. tk.M 

mm^^yy^ri^mm^^-iX . m.mmt^±uz 

ihxmx'nyj^'? v^^mMmmwm/^imvh 
mm. :^mmm^. ^^mji^a {m^^)^ 

r-f-r^trnxstrnzts^, 

[0077] mmrnmiikmEmmt. m 
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mzmmi-h. i:f)^U£t^h. m^z-hti 

[ 0 0 7 8 ] a 1 4*i. J; S , F px^ o 

I^-- 1 0 (1^—^-5 10 
X ^? ~ h V~^\y-^-X'h h 

4 G V^-f- 5 2 0 *>Ji>fl)m;^;^X 

E#>-J!>^A { D AQ) 5 5 Oc^ rvf-^y^/Wj t^A 
P AQ 5 5 0c!? r V%}V\ izX^ 

[0 0 7 9] 1 . mmm^ir-Mr£ ■. ^mm- 

"ryx'ch ->xh muzii\^x4^~mmm'f . smr 
n^^v^-^x'htm. m^mmmmm^^^^'r 

[ 0 0 8 0 ] wi'^x.nii'. 9^ 5 y^^^!V:^izX m 

-^x. ^mj^Mm^iiicox^i, miis. mi 1 

«ttt^^tt*iO, f LT01 1 (b) {i, i)fi^ 

^ (Tjstiiitt . b u ^j^;^ h mnm'^zi.^izm $ ii 

J^:mStOB#P^^ a > i^TiB w ( ^-^ < i 

mmizAtmr-'^^com'ttl'ilr^i)' (^-/ 



[0082] ^(T^wm h U ^ U y/Sii, ^Mtl. 

[ 0 0 8 3 ] 0 1 514, Mtli^^X^«-«iM& 
0 cry^m-^ fit: b'-A<^-^T{i , ^ 5 yf^su- -y h 6 

4u=A:ft§ti&, m^-^^m-mm^^hmmiz 

meAOiZJOimt. m^, PPx^'ny^^^E 

ffiMSS6 4 0mi-M§h5^t@«l {«t^#:.) 
<rytz^\izm^%t,. ^A^yy:x.^^;y^A\m^:^ 

^-^^^-^.(nfmzm^fih . «isii6 4 oi?^m 
-hxhhmm,zn^hx\^t^-9-7.y u-a{4.> 

DAQeSOOTf-^y^vl-^A^lSnS^ f LT, ^ 
y^T-'^^-X h y-i»ii. D AQ 6 5 OfiOX-^-^ry^/P 

ffiMlie 4 0*^feffi::>jSfLY^^ y^-;W:A:'J§^^fe7-' 
[ 0 0 84 i ai 6(4, 3|s:^B3c7)m^c7)J^j&3iffl tt 

14, 9A^y^f)<^i%k^¥x,^'av) \%^ mm^ 
■<D\C'-mm^y:m.%iix\-^h. f px^py*>.A 

m^ffi*^!?>mt-|.3ti4s pyXL 1 1 J; -^Tft^S 
^i. FPx^^>^3iiiL!^^:te^S^^^^DAV^x?(J^ (t: 
-^XTU 'x^'BS6 7 0^^UT) ffl^^Stl^. 

■ ^y-^;^ir^Mzm^mmmtx<omm 

xby-ATfe-^T. zmzummtxmmmt 

m^^^y^yvi^xkBm^vu^tcomfon-m^j: 
mmmummtiztizi-oxm^ti^. Bm^-^ 
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E 0 0 8 5 ] a 1 5hXVfm 1 6 tii, F PX:? D y\t 

( a ) J: 0 iz. ,r cox py**^ o-jic^>g;St£ 

< F P X p y f ffi 5 C i; mt U\ i> t F FX 

tt, mme 4 o , 74 oc^i^^^x^io^p*>.^>fjA 

[0 0 86 3 ^SV^ii, 

t. ti:\Zif'L-h-^m\m'kX.hZhhh'^%t . Z<nl 

if-fcj;t^^^ 5 yfv%=fh.-^mm\.x\^hmm^ 

hlo^Z^ \U>Wm<^V-^^ (v-5-lOMH 
2.) i?hti:hZ.hif'm^L\^. ^^^^-^-if-T 10 
i)-^(^<m.f ^}VX\l , fc'-Aa 7" >J •/ ^' B S 7 6 0 \iZ^ 

-:^14^^ S V^:3.^'j h 7 4 1 t^Sfe^t. m±7r 

A)<^-t!i}i<mmWMX (DUT) 7 90t3jl^> 

%i-^ivri}Mvx\i. Hji 07xA^^^t)fei^3 

mz. mm7 4omiohi>., ztnt. aceoia^c:^ 
mx-mmti^, 

m-jvvxii. z-^cot'-Aizm-^fii. ^tik<^€ 

tBf.iil>. ^WfWfa. T-^'-Efi (DAQ) 
h 7 5 0i?:^:S6tKlE§nmm^^--/l'S: ^j3t i?,-r 

aa>y h 7 4 1 IcJ:-?^^^^^!^^";^^^^-^^^^^: 
^tl-AVV;!. v'x-^'?- 7 S 0 , 5 MH z 
( Tr = 2 0 0 n s ) gffic^teV^EIt^'^^'^^xACOfc 
^Cii, A7i/Xvx-A- 7 8 014. 2 0O'fy#fiO^^ 

i^v^A yf-i-^iVWftfi^^f^yWi'f'^ivxi^^ 

"rvxtm. Lmfi\p-£ zcom t v v^stfiJii 

Tii. /N7!^xi/i-A*-fi:, HI 2 ( b ) 3^: 
^^-r ■ yrA.n^-f^y.y^^m-mmLxmm:^ 



^X'hbO, 

[0088] ii?)^"-f"~cD^ffimt LTIi. 
•7X9-V-^f--7 1 0<n^tXV^7'V—f~12Q 

xmnxhh. ivvxi^x-i-^^i vx 

Ti, ) 7 T ^ f^'-jv-rii^mmmh t . 
lE0^yr'}y'^ ■ ti-ux-a^-r^ l^i m. 

x\^ummE.o-^>r^)yrmffi. zz^mm^ii 
fz^mmtm^h^mm. 'mx^--)Wi 
mvzpt£^±%^£wmm^t^ ^ §iit v^i , 

[0089] j^-U— f-8 1 0*»fei7)>'?A'X{i, 

-^ffi\i--Mz^m^fii>. -:&<7)t'>-At±^'^ s^i^ 
a.- >y h 8 4 1 t^jlJ^h.. m5<^JVVX\mMr)-^A X 

!>. Ccr>^. fftlSf^<-f x}4, (PC) ;^'f 7 
^8 9 1 ^^LTs mm ( I C) i:^cm!3f^(t^>ft 
TV^I. . J^k-T-Wif-a 2 0 A^^i^A/l';^^, *3t, 

( E O ) 7"0~7> 7 r 8 9 2 kZ^^fl. i%t<r>yd-A 
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